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PREFACE
External apical root resorption (EARR) is a common, yet unpredictable, problem
associated with orthodontic therapy. While many investigators have attempted to
elucidate the relationship between orthodontic treatment and root resorption, studies on
the progression of root resorption over time are lacking. This prospective study
determined the amount and rate of root resorption of 82 maxillary central incisors during
the first 12 months of orthodontic therapy. Forty-one patients had periapical radiographs
taken at 3-month intervals for the first year of active treatment. The amount of root
resorption at each interval was calculated with the use of a jig measurement technique.
The reliability of this technique was detennined by statistical comparison with two other
quantitative techniques. The mean amount and rate of root resorption was plotted against
time for the entire sample. Additionally, the amount and rate of root resorption was
compared between two extreme subgroups - those exhibiting the least and most root loss
within the entire sample. For those patients experiencing root loss, the rate of root
resorption over the first 12 months of treatment was constant; the amount of root loss
progressed linearly with time. T-tests and regression analyses were perfonned to
determine relationships between various pre-treatment/treatment variables and root loss.
The results indicate that periapical radiographs within the first six months of treatment
are likely to identify those patients at greatest risk for root resorption. No relationship
was demonstrated between any pre-treatment/treatment variable and root resorption.
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INTRODUCTION
External apical root resorption (EARR) is a common, yet unpredictable, problem
associated with orthodontic therapy. Report of its incidence varies, ranging from 3% to
100%. In most instances, the amount of root resorption present after orthodontic therapy
is mild and does not adversely impact the long-term dental health. 1-6 However, severe
root resorption can compromise a treatment result and threaten the integrity of the
affected dentition. Fortunately, severe root resorption occurs infrequently.7-9
Since its discovery in 1856 by Bates10, histologic and clinical studies have linked
root resorption to orthodontics. 1, 2, 5, 11-21 Root resorption can be identified
histologically 10-35 days after application of an orthodontic force. I3 In clinical practice,
however, root loss is diagnosed with radiographs. EARR can be detected
radiographically as early as 2.7 months after the resorption process begins.22 Clinically,
root resorption has been found most frequently in maxillary central incisors5, 12, 14, 19,
20, 23-25, although one investigator reported that maxillary lateral incisors are equally
affected1 while another found a similar frequency with mandibular central incisors.9
The present study focuses primarily on two aspects of root resorption 1) the
amount and rate of root resorption of upper central incisors during the first twelve months
of orthodontic treatment and 2) variables that may be predictive of root loss. Although
much work has been done on the cause and prediction of EARR, studies on the rate of
root resorption are lacking. In 1988, Levander and Malmgren26 determined that patients
who exhibit root loss on their upper incisors after 6-9 months of treatment are at a high
risk for severe root resorption by the end of their treatment. In 1994 they found that for
1
2those patients who do show root resorption after 6-9 months, a pause in treatment of 2-3
months will significantly reduce the total amount ofroot shortening at the end of
treatment.27 Therefore, it has been demonstrated that a pause in treatment hinders the
root resorbing mechanism but the progression of root resorption up until the initial 6-9
month interval has yet to be reported.
It is known that root resorption occurs in most orthodontic patients and that
certain variables associated with orthodontics have been identified as possible causes.
But what is not known are the specifics of the progression of root resorption over time. If
the results of this study shows that the rate of root resorption follows a consistent pattern
for this sample, orthodontists can use this rate curve as part of their database to help
determine a patient's treatnlent plan. Specific interest for a study of this type has already
been demonstrated by at least one set ofinvestigators.23 In their paper, the authors claim
that they are "unaware of any study which has tested for unifonnity of rates ofEARR
with time rather than extrapolating between pre-treatment and post-treatment endpoints".
Recognition of the onset and magnitude of the root resorption process during
orthodontic treatment is vital in order to intercept or limit the amount of root damage.
This study provides a new insight into a well-researched topic by quantifying the amount
and rate of resorption over time and by correlating pre-treatment and treatment variables
that may indicate who is at risk for severe root loss.
LITERATURE REVIEW
Root resorption in dentistry can be classified as either internal or external.
Internal, or root loss occurring from within the pulpal region, is most commonly the
result of acute trauma. External, or loss originating from the peripheral surface of the
root, is the type associated with orthodontic therapy, particularly around the apical
region. Andreasen28 categorized external root resorption into three categories: surface
resorption, inflammatory resorption and replacement resorption. Surface resorption is
defined as that limited to small outlying areas and is usually a self-limiting process,
meaning that it is followed by spontaneous repair from the adjacent periodontal ligament.
Inflammatory resorption occurs when the initial root resorption reaches the dentinal
tubules. Replacenlent resorption occurs when bone replaces the resorbed root material,
resulting in ankylosis. Of the three, surface resorption is the one generally associated with
orthodontic treatment.
Orthodontic forces applied to a tooth and the surrounding biologic tissues act
sinlilarly on bone and cementum, yet cementum is more resistant to resorption than bone.
This differential resistance to resorption is what allows tooth movement to occur. In
recent years, much research has been conducted to detennine the cellular events that lead
to resorptive activity after application of an orthodontic force. In 1993, Brudvik and
Rygh29 presented new infonnation about the initial attack on the root surface. Since root
resorption occurs under areas ofperiodontal ligament overcompression, or hyalinization,
this is the area where they studied initial cellular activity after application of an
orthodontic force. It was found that the root resorption process follows a very consistent
pattern. In the initial phase, root resorption begins in the periphery, not the center, of the
3
4nlain hyalinized zone. In the central area, root resorption occurred 3-4 days later than in
the periphery and was found to continue after the peripheral resorption had stopped.29,
30 This central root resorption was found to begin only after a considerable amount of
necrotic tissue had been removed, indicating that there is an association between root
resorption and the presence and active removal of the hyalinized tissue.30
An osteoclast-like cell, potentially the odontoclast, was believed to be the only
cell responsible for all stages of root resorption. These cells are multi-nucleated and
contain the enzyme Tartrate Resistant Acid Phosphotase (TRAP). Testing positively for
TRAP denotes that active osteoclast-like cells are present in a specific area. Brudvik and
Rygh30 found that the cells involved in the initial penetration of the root surface at the
periphery of the hyalinized zone tested negatively for TRAP, indicating that these
proposed osteoclast-like cells are not responsible for the initial stage of root resorption.
These TRAP negative cells, which resemble macrophages, were found to border the
hyalinized zone and intact periodontal membrane, indicating that these cells invade from
the surrounding PDL. Cells underneath the central area ofhyalinization did test positively
for TRAP, confirming the initial belief that a clast cell is responsible for root resorption
in this region. These TRAP positive cells, which were observed in the bone marrow
spaces, participate in the active removal of the hyalinized tissue toward the root surface
and in the resorption of cementum and dentin.
Active root resorption is believed to cease once an orthodontic force is removed.
Brudvik and Rygh31 in 1995 determined that the repair process starts in the periphery
where PDL had been reestablished whereas root resorption continued in the area where
hyalinzed tissue persisted even after the active force had been terminated. Therefore, the
5most recent theory on the persistence of root resorption states that the process continues
not until the force has been removed, but until the removal of hyalinized tissue has been
completed.
Root resorption is one of the most frequently studied aspects of orthodontic
treatment. The main goal of the majority of these studies has been to identify pre-
treatment and treatment variables that may be causative factors of root loss. Variables
previously investigated in conjunction with apical root resorption can be divided into two
categories: 1) pre-treatment variables, or those with which the patient initially presents
and 2) treatment variables, or those introduced by the orthodontist during active
treatment.
Pre-treatment variables
The primary objective ofprevious root resorption studies has been to identify pre-
treatment variables that could be valid predictors of a high risk for EARR during
orthodontic treatment. Ifpatients present with one or more of these characteristics,
orthodontists could monitor these individuals' root lengths frequently throughout
treatment. Investigators have tried to correlate many pre-treatment characteristics, but no
specific variable, or combination of variables, has been unequivocally associated with
root resorption. The following sections discuss the pre-treatment variables that have been
studied and the conclusions regarding their utility as EARR predictors.
6Gender
An overwhelming number of studies have attempted to correlate gender to an
increase in root resorption. Traditionally, females were believed to be more susceptible
than males to both idiopathic and orthodontically induced EARR.II, 12, 14 Only one
recent study has supported this belief.32 One investigation has demonstrated that males
show more evidence of root resorption in vital teeth than females. 33 This same study also
concluded that there is no gender difference when looking at non-vital teeth. The majority
of recent investigations on the correlation of gender to root resorption have concluded
that there is no clinically significant difference in root resorption susceptibility between
males and females. 1, 3,15,20,23,34,35 Based on these contemporary findings, gender
is not a major risk factor for severe root resorption during orthodontic treatment.
Age
Classic studies of the relationship of age to amount of root resorption have
concluded that root loss experienced by patients increased with advancing age. 14, 36, 37
A linear relationship between the two variables was not statistically verified in these
papers, but this type ofassociation could be inferred from their conclusions. Linge and
Linge3 in 1983 commented that age is a factor in root resorption, but only in regard to the
amount of apical root closure. They stated that adolescents below age 11 have
incompletely formed roots and therefore are less susceptible to EARR than older patients
with fully fonned roots. They did not find any clinically significant difference in the
amount of root loss of those patients between ages 11 and 26 who had complete
apexification of their central incisors. Other, more recent, studies have dispelled the
7earlier notion that EARR increases with advancing age by being unable to prove a
statistically significant correlation between these two variables. I, 15, 16,23,26 Harris
and Baker38 further qualified this conclusion by stating that although adults start
orthodontic treatment with shorter roots, the root loss during treatment is equal to that
experienced by adolescents. Due to these recent findings, age is not a risk factor for root
resorption.
Initial malocclusion andfacial form
Mirabella17 in 1995 studied the relationship between type of initial malocclusion,
defined as Angle's dental classification, and the presence or absence ofEARR. In this
study of 343 patients, no statistical correlation could be made between these two
variables. These results confirmed his hypothesis that type of initial dental malocclusion
may not be of importance for the presence of EARR during orthodontic treatment.
Facial fonn and dentoalveolar variables and their relationship to EARR incidence
in maxillary central incisors were investigated by Taithongchai et al in 1996. Facial
measurements tested were maxilla and mandible skeletal relationships and anterior facial
height. Dentoalveolar variables tested were interincisal relationship and maxillary incisor
inclination. Although several measures of dentoalveolar structure were significantly
correlated to the presence of root resorption, they were not determined to be clinically
useful as predictors. Therefore, the investigators concluded that pre-treatment facial and
dentoalveolar structure does not accurately identify those patients who will experience a
large amount of root shortening during orthodontic treatment. 16 These results have been
confirmed by at least one other group of authors.39 Concurrently, another set of
8investigators detennined that apical root resorption is not significantly associated with the
crown/root angle of the maxillary central incisors either before or after orthodontic
treatment.40
Pre-treatment overjet and overbite
Many investigators have reported that an excessive amount ofpre-treatment
overjet can be used as a predictor ofmaxillary incisor root resorption during orthodontic
treatment.2, 41 Linge and Linge4, in a retrospective study of485 patients, found that
overjet significantly contributes to apical root resorption. They did qualify this finding,
however, by stating that excessive overjet promotes trauma to maxillary central incisors
and this trauma may be the reason for the increase in apical shortening. They also stated
tllat excessive overjet often requires treatment with elastics and rectangular wires with
active torque, two treatment mechanics that have been identified as risk factors for
EARR. Therefore, excessive overjet, although statistically correlated to an increase in
root resorption, may contribute indirectly through trauma or treatment mechanics used to
correct the malocclusion.
Conversely, Mirabella17 in 1995 cautioned that pre-treatment overjet should not
be used as a predictor of root resorption because correction of excessive overjet can be
accomplished in many ways, not solely by retracting upper anterior teeth with elastics
and using rectangular wires with torque. For example, mandibular growth modification or
flaring of lower incisors to correct overjet would not subject the maxillary incisors to any
more retraction or root movement than in a person who presented with a normal initial
overjet.
9Another conunon variable investigated in conjunction with EARR is overbite.
Although one study found that pre-treatment overbite was not closely related to the
amount of apical root resorption3, Harris and Butler41 detennined that adolescent
patients with pre-treatment open bites experienced more root resorption of maxillary
central incisors that those patients who presented with deep bites. Their final conclusion
was that orthodontic treatment was not the cause of this increased root resorption; they
speculated that patients with open bites present with more root resorption before
orthodontic treatment due to a tongue thrust or lip/tongue dysfunction. This tongue thrust
or lip/tongue dysfunction places them at a higher risk for root resorption due to idiopathic
trauma caused by the habit. Therefore, patients who present with an open bite due to a
lip/tongue dysfunction may experience increased root resorption but those with open
bites of a skeletal nature have not been found to have an increased susceptibility for root
loss.
Trauma andprevious orthodontic treatment
Most medical/dental history forms used in orthodontic practices specifically
question patients about previous dental trauma, especially that involving the maxillary
central incisors. This question is of great importance since it is a widely held belief that
traumatized teeth are at a higher risk for root resorption during orthodontic treatment.28
Much of the literature supports this notion.
In 1979, Hines42 conducted a radiographic study of avulsed and partially avulsed
teeth in response to orthodontic movement. This investigation found that although
orthodontic movement can be done successfully on implanted avulsed teeth, apical root
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resorption does occur more readily in these teeth than in their nOffilal counterparts. He
further stated that this resorption could not be attributed to any specific orthodontic
movement. The increase in root resorption of traumatized dentition was thought to be
caused by reduced vitality, but recent studies on endodontically treated teeth have found
otherwise. 17, 33, 43
More recently, Linge and Linge3, 4, in two well-regarded studies of risk factors
associated with root resorption, confirmed that a history ofprevious trauma was
significantly correlated, both statistically and clinically. Patients in both studies exhibited
more root resorption during treatment in the traumatized teeth than in their antinleres.
Brin44, in 1991, designed a study that specifically tested the effect of orthodontic
treatment on previously traumatized maxillary central incisors. The sample was divided
into three groups: trauma with no orthodontic treatment, no trauma with orthodontic
treatment and trauma with orthodontic treatment. The trauma group with no orthodontic
treatment experienced the same amount of root resorption as the orthodontic group with
no previous trauma. But, the trauma group with orthodontic treatnlent exhibited a much
higher prevalence of root resorption than the other two groups. They concluded that
there is a synergistic effect between orthodontic treatment and previous trauma and
recommended careful monitoring of those patients who present with a history ofprevious
trauma to their maxillary central incisors.
Finally, Malmgren45 studied the frequency and degree of root resorption in
traumatized incisors as compared to non-traumatized antimeres in the same patient and to
a control group who experienced no trauma. Neither the inter-individual nor the intra-
individual comparisons demonstrated that traumatized teeth have a greater tendency
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toward root resorption than non-traumatized teeth as long as no apical shortening had
occurred before treatment as a result of the trauma. Conversely, a traumatized tooth with
apical blunting may be more prone to root resorption during orthodontic treatment.
Although it is not a foregone conclusion that teeth with a history of trauma will
experience more severe root resorption than non-traumatized teeth, frequent radiographic
monitoring of traumatized teeth during treatment is a widely accepted practice.
Another form of "trauma" that investigators have tried to use as a predictor of root
resorption was a history ofprevious orthodontic treatment. Yet, instead ofbeing a
causative factor, Mirabella17 reported that a history oforthodontic treatment was actually
preventative for root loss. This conclusion was determined by perfonning a regression
analysis where history of root resorption was one ofmany independent variables. The
investigators could not deduce a definite explanation for this finding. Therefore, a study
designed to specifically test for this variable would provide more conclusive results.
Pre-treatment root resorption
Pre-treatment root resorption has been defined by investigators as blunting of a
root apex before initiation oforthodontic treatment as diagnosed by qualitative
radiographic evaluation. Several authors have reported that a tooth exhibiting signs of
pre-treatment root resorption will be at risk for a large amount of apical shortening during
orthodontic treatment.5, 16, 37, 45 Harris and Butler41 found that patients with
idiopathic root resorption due to a thumb habit or tongue thrust are at risk of losing more
root structure during orthodontic treatment than sound roots.
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Conversely, Kaley and Phillips24 studied factors related to root resorption in a
case controlled study ofpatients with severe root resorption matched with a control
group. This study concluded that signs ofpre-treatment root resorption were not related
to severe post-treatment root resorption. This conclusion was based on evidence that
previous root resorption was present as frequently in the control group as in the severe
resorption grOllp. In spite of this study, it is still recommended that patients with blunted
roots before treatment should undergo careful radiographic monitoring during treatment.
Endodontic treatment
In the 1970s, beliefs on how endodontically-treated teeth respond to orthodontic
treatment were varied. Many orthodontists considered endodontically-treated teeth more
likely to experience root resorption than vital teeth.46 Other clinicians believed that
endodontically-treated teeth could be moved orthodontically and not exhibit more root
shortening than vital teeth. Since the 1980s, it has been widely accepted that not only do
non-vital teeth not experience more root resorption, but endodontic therapy may actually
be a deterrent against apical root loss. Mattison, in 1984, studied the effects of
orthodontic treatment on vital and non-vital teeth in cats. They found that there was no
histologically significant difference between root shortening of endodontically treated
teeth and vital teeth when subjected to an orthodontic force.43 Another study compared
severity ofEARR between vital and non-vital teeth in humans and concluded that vital
teeth resorb to a greater degree than non-vital teeth.33 Other studies have also found
endodontic therapy to be a preventative factor. 17, 47 Therefore, the present thought on
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Becks was the first to report that a high proportion ofpatients with root resorption also
suffered fronl hypothyroidism.21 , 51, 52 In 1961, Carpol devised a qualitative evaluation
of root length in hypothyroid patients. His results did not concur with those ofBecks.
More often than not, he could not make a correlation between hypothyroidism and
EARR. He was left with "serious doubt as to the validity of the concept that
hypothyroidisnl alone makes the dentition more susceptible to root resorption"36.
Newman5, in 1970, conferred with Carpol when his study found no substantiated
evidence that linked systemic factors to root resorption.
The role of systemic disease in root resorption was re-introduced by Poumpros50
in 1993. Several case reports demonstrated that administration of I-thyroxine to
orthodontic patients who showed evidence of root resorption during active treatnlent
stopped the resorption process, thereby avoiding further root loss. These reports
prompted Poumpros to perform a controlled st\ldy on rats. All of the rats were subjected
to orthodontic movement ofmaxillary incisors, but only halfwere administered
thyroxine. Though the exact mechanisnl is unclear, thyroxine did have the effect of
reduced surface root resorption in those rats that received the hormone as conlpared to the
control group. These results suggest that there is a correlation between systemic factors
and root resorption but much more research needs to be conducted before any firm
conclusions can be drawn.
Genetics and individual susceptibility
Patients present with great similarities in malocclusion to the same practitioner
who treats them with the sanle mechanics and treatment philosophies, yet some of these
patients suffer from EARR and some do not. This phenomenon led researchers to
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speculate that genetic factors may increase the risk of root resorption. Several studies
have suggested that genetics may playa role in EARR susceptibility.5, 14, 21, 37
Newman5 based his suggestion on family trends, either sibling or parental, in his sample
and stated that although no definite genetic conclusions could be drawn from his study,
etiologic and genetic heterogenicity are very likely, with autosomal dominant, autosomal
recessive or polygenic modes of inheritance being possible modes of transmission.
Although a genetic influence has been speculated, no studies had explored this
theory in depth. Therefore, Harris20 in 1997 devised a study that specifically tested for a
heritable component in EARR. The results showed that there is a statistically discemable
heritable component and siblings experience similar levels of EARR in response to
orthodontic treatment. Based on these results, he concluded that susceptibility to root
shortening during treatment is largely intrinsic to the patient. Many other studies have
also found that predisposition to EARR is chiefly an individual phenomenon.39, 53-57
Root formation and morphology
Incomplete root formation, or open apices, has long been thought of as a
preventative factor for root resorption. Linge and Linge3 found that patients who
received orthodontic treatment after complete apexification lost twice as much root
structure as those who started treatnlent before root fonnation was complete. These
results are in agreement with other radiographic3, 14, 58 and histologic studies13.
Therefore, beginning treatment before complete root formation may minimize the risk of
root resorption.
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Another widely held belief is that the shape of the incisor roots detennines their
susceptibility to EARR. Levander and Malmgren26 in a retrospective study evaluated
deviated root fonns versus normal for the occurrence of root resorption. Pipette-shaped
roots were found to be the most susceptible to severe root resorption. It has been
theorized that due to the biconcave fOffil with a thin apical region, there is more of an
effect on root length in pipette-shaped teeth even if only a little root structure is lost.
They also reported that teeth with blunt roots have a moderate risk for root resorption, as
conferred by other studies that found teeth with pre-treatment root resorption, or blunting,
experienced more shortening than normal shaped roots.5, 16, 26, 37, 45 Teeth with apical
bending do not experience anything more than the normal root shortening usually
associated with orthodontic treatment, but the resorption occurs in the bent part of the
root.26 Several other authors have reported that roots with abnonnal root shape16, 26, 59
and narrow roots5, 17, 32 experience more EARR than their normal counterparts.
Certain patients present with abnormally short roots that are considered different
from pre-treatment root resorption because they are generalized throughout the dentition.
Some investigators postulated that short roots are more susceptible to root resorption.5,
60 Taithongchai et al16 put forth that a tooth with a shorter root may not be at risk for a
superabnormal amount of root loss, but an average amount may be more compromising
to a short root. One study actually reported that long, not short, roots were significantly
correlated to root resorption during treatment.
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Habits
Many orthodontists believe that persistent habits, such as nailbiting, thumb
sucking and tongue thrusts, subject maxillary incisors to jiggling forces that subsequently
cause idiopathic root resorption. Consequently, these roots are already compromised
before orthodontic mechanotherapy is applied.41 Persistent habits were believed to have
the same effect on root shortening as abnormal occlusal forces such as prematurities and
interferences,61 which led investigators to attempt to correlate habits with the presence of
root resorption in orthodontics. Linge and Linge3 in 1983 studied the incidence and
extent of root resorption that occurred in 719 consecutively treated patients. Out of the
719 subjects, 122 reported a history of a previous habit. The average change in root
length for this group was no greater than that which occurred in the other 597 patients.
Therefore, they concluded that habits, either previous or persistent, did not place a patient
at a higher risk for EARR during orthodontic treatment. Yet, in their follow-up study in
1991, they reported that a history ofhabits such as nailbiting and thuTIlb sucking does
contribute significantly to EARR. They also reported that persistent trauma due to
lip/tongue dysfunction may cause as much idiopathic root resorption to incisors as acute
trauma. 4
Odenrick62 studied the effects ofnailbiting in matched orthodontic patients and
discovered that a significantly higher degree ofEARR was found among the nailbiting
group than the control group both before and after orthodontic treatment. Although it
was speculated that other factors in conlbination with nailbiting could be the cause of the
increase in EARR, nailbiting either independently or combined with other variables, did
playa role in EARR during orthodontic treatment. From the aforementioned studies, it
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is clear that orthodontists should closely monitor those patients who present with
previous or persistent habits for EARR during treatment.
In summary, those pre-treatment variables that may be risk factors for root
resorption during orthodontic treatment are persistent habits, lip/tongue dysfunction, prior
root resorption before orthodontic therapy, correction of impacted canines, genetic
predisposition and abnormal root shapes. Those that do not increase the risk of root loss
are gender, age, type of initial malocclusion, facial fonn, overbite, history ofprevious
orthodontic treatment, endodontic therapy and incomplete root formation. Finally, those
variables that have had conflicting findings are overjet, history ofprevious trauma,
systemic disease (hypothyroidism) and length of root before treatment.
Treatment Variables
Treatment Time
Possibly the most controversial variable and its effect on EARR is the amount of
time a patient is in active treatment. Most orthodontists will keep treatment time to a
minimum if they suspect that a patient nlay have high resorptive potential. Although
logical in theory, more of the literature has found a negative correlation between
treatment time and EARR than a positive one.
Classic studies in root resorption have concluded that root loss may be partially
related to the duration of treatment. 1, 12 Sharpe8 et al in a retrospective study ofpost-
retention patients found that subjects who incurred relapse had longer treatment times and
exhibited a greater prevalence of root resorption. They did not demonstrate a cause and
effect relationship but theorized that longer treatment times may be associated with an
increased root loss. McFadden39 subsequently determined that a longer treatment time
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was significantly correlated to root shortening. Finally, in 1996, Taithongchai et al I6
found a "weak but statistically significant" correlation between the amount of root
shortening and duration of treatment. Although these studies attempted to demonstrate a
definitive relationship between the two, it could only be theorized or weakly correlated.
Conversely, several studies have demonstrated no correlation between time of
active treatment and EARR. Although the aforementioned classic papers implied a
positive relationship, others around the same time concluded the opposite. 12, 37 More
recently, two highly statistical studies were unable to report a statistically significant
correlation.4, 59 Most convincingly, Beck and Harris23 studied equal, matched subjects
who underwent two different types ofmechanotherapy, Tweed and Begg. These findings
revealed that "even though some of the cases had been in treatment for up to six years,
we found no significant association between duration of treatment and degree or amount
ofEARR". Although the research findings are varied, it is still generally recommended
that a patient who may be at risk for EARR should have active treatment time kept to a
minimum.
Force systems
Early orthodontists used heavy forces to move teeth. In recent years, it has been
found that heavy forces move teeth by creating areas ofhyalinization, resulting in
necrosis and remodeling of the bone. These areas ofhyalinization have been implicated
in resorbing root cementum of adjacent teeth. In fact, many investigators warned against
using heavy forces for fear of causing root resorption. I8, 23, 63 To minimize these
adverse tissue reactions, light forces have been recommended for tooth movement. Light
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forces have been found to move teeth as effectively as heavy forces but without the
hyalinization and necrosis. Therefore, it was theorized that lighter forces would result in
less root resorption since there would be less areas ofhyalinization.
Owman-Moll et al57 tested this theory in two separate histological studies. First,
they compared the effects of 50g and 100g forces in tooth movenlent and EARR. It was
found that doubling the force had no benefit in the amount of tooth movement and that
the severity of root resorption did not differ significantly between the two force systems.
Subsequently, they quadrupled the force and compared the effects of 50g to 200g. This
time the quadrupled force provided fifty percent more tooth movement but there was still
no difference in the frequency and severity of root resorption.56
Since heavy forces could not be implicated in causing more root resorption, force
delivery techniques were tested. Continuous versus interrupted continuous forces of the
same magnitude were tested in relation to tooth movenlent and root resorption. It was
hypothesized that the rest period associated with the interrupted force would result in less
total root resorption at the end of active treatment. The results demonstrated that
horizontal tooth movement was more effective with the continuous force but there was no
difference in the frequency or severity of root resorption between the two force
systems.64
Additionally, one study compared continuous versus sectional mechanics and
their effects on root resorption. It was found that there was no difference in the
frequency or severity of root resorption between these two types ofmechanics.53
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Treatment techniques
Some investigators have attempted to link EARR with different types of appliance
systems. Several bracket designers and manufacturers tout the superiority of their
appliances. They claim that their designs will result in better treatment. Blake et al34
studied edgewise versus Speed systems to determine whether or not there was an
appliance effect on the amount of root loss after treatment. It was concluded that there is
no significant difference in root resorption between the edgewise and Speed appliance
systems.
Goldson65 designed a longitudinal study to determine the amount of root
resorption that occurred during different stages of the Begg technique. He found a high
frequency of root shortening before the uprighting stage of tipped teeth that slightly
increased by the end of treatment. Begg techniques were then compared to Edgewise
techniques to test the theory that tipping movements, prevalent in Begg, cause more root
resorption than bodily movements consistent with Edgewise. Beck and Harris23
conlpared equal samples ofTweed and Begg cases and determined that there is no
difference in the amount of root resorption that a patient incurs during orthodontic
treatment between the two techniques.
Elastic use
No definitive conclusion has been made concerning the role of interarch elastics
in root resorption. Linge and Linge4 found that apical root resorption of maxillary
central incisors increased with the use of Class II elastics but they could not correlate the
same finding with vertical elastics. Conversely, Levander and Malmgren26 could not
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relate any differences in the amount of root resorption between sample groups to the use
of Class II elastics. Finally, Mirabella's I 7 results indicated that the use of Class II elastics
may increase the risk of EARR, but only on those teeth that support the elastics. More
research needs to be conducted on the effects of elastic use on root resorption before a
more conclusive recommendation can be made as to their use in orthodontic therapy.
Crown and root movement
Intrusion has long been identified as the tooth movement most likely to cause
root resorption. In a purely intrusive movement, the area of the PDL and alveolar bone
receiving the force and undergoing hyalinization is confined to the apex of the tooth.
Therefore, it has been postulated that intrusion ofmaxillary central incisors will put them
at risk for severe root resorption. I8, 63, 66 Although viable in theory, only one set of
investigators has reached this conclusion.67 An overwhelming number have found that
intrusion does not cause any more root resorption ofmaxillary central incisors than other
orthodontic movements.22, 39, 68, 69
Baumrind68 compared four types of tooth movement (extrusion, intrusion,
retraction and protraction) to determine their effects on root resorption. He found that
"when the location of the incisor within the maxilla did change, displacements in some
directions were associated with more root resorption than were displacements in other
directions." More specifically, the relationship between retraction and resorption was
highly significant.
Another school of thought regarding EARR is that root movenlent caused by
torque expressed by rectangular wires causes an increase in root shortening.6, 68, 70
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Levander et al26 could not significantly correlate the use of rectangular wires to an
increase in root resorption, but Linge and Linge4 did correlate the two in a later study.
Specifically, it has been concluded that torquing the root either lingually or
buccally into more dense cortical bone will predispose a patient to a severe risk of root
resorption. 4, 65, 71 In a retrospective study, Kaley and Phillips24 found that the most
significant measure associated with root resorption ofmaxillary incisors was their
approximation against the lingual cortical plate ofbone. They reported that a patient is
20 times more likely to undergo severe resorption when the apices are forced against the
cortical plate. A major limitation ofthis study was the use ofcephalometric radiographs
to identify lingual plate approximation by central incisors since it is difficult to determine
the definitive position of incisors against bone from a cephalogram.
Conversely, Wainwright72 specifically studied faciolingual tooth movement and
its effects on the roots ofmaxillary incisors. In this histologic study of dogs, root apices
were moved through the buccal plate into soft tissue, then the forces were reversed and
the tooth apex was moved back into the alveolus and retained. The buccal and lingual
surfaces of the teeth exhibited a similar extent of root resorption, suggesting that the
density ofbone through which teeth move has no relation to the amount of root
resorption a tooth will experience. More recently, Goldin35 studied the effect of labial
root torque on root resorption and found that although root shortening occurs with this
movement, the amount is consistent with that resulting from conventional orthodontics.
In summary, force systems, treatment techniques and type ofmechanics have
been determined to not increase the risk of root resorption for orthodontic patients.
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Elastic use, use of rectangular wires, root movement, root approximation to the cortical
plate and treatment time have not determined as risk factors, but they have not been ruled
out either.
Measurement Techniques
The accuracy of the conclusions drawn from a root resorption study is dependent
on how reliably the root loss was measured. Root resorption can be measured from
cephalograms, periapicals or orthopantomograms. Although utilized by many authors in
the past, cephalometric use for the identification of root resorption is not extremely
accurate due to the difficulty in locating the root apex. Additionally, only one maxillary
central can be visualized from this view so there is no means of comparing individual
central incisors. Investigators then began using panoranlic x-rays, but due to a high
amount ofdistortion, quantitative measurements from these films are not accurate either.
Rejebian73 advocates the use ofperiapical films to detect and measure root resorption
due to the high distortion with panoramic x-rays. Measuring tooth lengths from a
periapical film allows for accurate identification of a root apex and good visualization of
root morphology and contour.
Root resorption has been measured in past studies with a nunlber of techniques.
The two n10st common methods are 1) visual/subjective interpretation and 2) quantitative
assessment. The first method is a qualitative method described by Malmgren and
Levander.45, 73 This technique involves examination of intraoral radiographs of
maxillary incisors before and after treatment. Assessment of root resorption is reported
with the use of an ordinal scale. Authors who measure root resorption qualitatively most
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often use some variation of the Malmgren and Levander technique. 1, 8,9,23, 24,35, 40,
44, 53 The major limitation of a qualitative technique is that it is extremely subjective.
3
A frequently used quantitative method developed by Linge and Linge involves
measuring the root from the CEJ to the apex of the tooth from a periapical radiograph. In
order to correct for film magnification error, a ratio between crown lengths in the before
and after films is calculated and used to correct for the root length. The amount of root
resorption is the difference in root length from the first to the second periapical.
Although this technique has been accepted as accurate, it relies on locating the CEJ offof
a periapical radiograph, a process that can be fraught with error. This aspect ofLinge and
Linge's method is what prompted Costopoulos and Nanda22 to devise a radiographic
technique in which an acrylic jig is fabricated to more accurately measure the amount of
root resorption. This method will be outlined in the Materials and Methods section of this
proposal. Costopoulos and Nanda claim that their method has a O.lmm per tooth error
compared to a 0.6mm error in the Linge and Linge technique.
Progression of root resorption after completion of active treatment
Although it is universally accepted that root resorption occurs in conjunction with
orthodontic treatment, clinicians and their patients are more concerned with the clinical
sequelae associated with the root loss. Even as early as 1955, Phillips12 stated that the
degree of root loss in most situations was clinically insignificant and did not "endanger
the life and function of the dentition". Albeit some severe resorption cases can result in
extreme mobility or tooth exfoliation, the occurrence ofmobility is very low in the
majority of resorptive teeth.70
RATIONALE
Root resorption occurs to sonle degree in all orthodontic patients. The majority of
research on root resorption has retrospectively focused on clinical and/or cephalometric
variables that may be predictive of severe root loss. The progression of root resorption
over the length of orthodontic treatment, however, has yet to be investigated. Specific
interest for a study of this type has been demonstrated by at least one set of
investigators.23 In this 1994 publication, Beck and Harris claim that they are "unaware of
any study which has tested for uniformity of rates of EARR (External Apical Root
Resorption) with time rather than extrapolating between pre-treatment and post-treatment
endpoints." Due to the prospective nature of this study and the new focus it will place on
a well-researched topic, in addition to outlining an improved quantitative measurement
technique, this study will give new insight into root resorption subsequent to orthodontic
therapy.
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GENERAL OBJECTIVES
This study aims to answer many questions regarding the progression of root
resorption during the first twelve months of orthodontic therapy. The pertinent questions
to be answered are:
1) How reliable is the quantitative method ofnleasuring root resorption developed by
Costopolous and Nanda?
2) How does root resorption progress over the first twelve months of orthodontics?
3) Are there any patient characteristics or treatment variables that can be predictive of
severe root resorption?
Specific Objectives
The specific objectives of this study are:
(1) To detennine the reliability of the jig method ofmeasurement developed by
Costopolous and Nanda
(2) To detennine the rate and amount of root resorption ofmaxillary
central incisors during the first twelve months oforthodontic therapy.
(3) To quantify the distribution ofboth the rate and the total amount of
root resorption.
(4) To identify pre-treatment and treatment variables that are predictive
of root resorption.
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MATERIALS AND METHODS
This project was a prospective cross-sectional study. Subjects were patients who
received orthodontic treatment at the University of Connecticut Graduate Department of
Orthodontics by both resident and faculty orthodontists.
Part I-Subject Selection
This investigation focused solely on root resorption ofmaxillary central incisors
that occurred during the first twelve months of orthodontic therapy. Both the right and
left central incisors on each subject were analyzed. Subjects were considered for the
study if their treatment plan included retraction of the maxillary central incisors to correct
an excessive overjet or dental protrusion. This specific type of tooth movement was
selected based on the Baumrind et al68 study which showed that retraction patients
exhibit more severe and frequent root resorption on their maxillary central incisors than
those subjects who underwent advancement, intrusive or extrusive movements. The
amount of retraction was irrelevant when choosing subjects. There was no gender or age
specificity for the subjects in this study.
Inclusion criteria
Inclusion criteria for subject selection was that each patient had:
(1) Complete maxillary central incisor root fonnation based on examination of
initial panoramic radiographs or initial maxillary anterior periapical
radiographs
(2) No previous history of orthodontic treatment.
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(3) A treatment plan that included maxillary incisor retraction.
(4) No history ofmarked root resorption before orthodontic treatment as
evidenced by periapical films.
Exclusion criteria
Subjects were excluded from this study if they had or are:
(1) Endodontic therapy on either maxillary central incisor.
(2) Incomplete maxillary central incisor root formation.
(3) History of orthodontic treatment.
(4) Restorations on their maxillary central incisors.
(5) Refusal to participate in the study.
(6) Pregnant or become pregnant at any point during the study.
Criteria for patient removal once accepted into study
Once accepted, the subjects were dropped from the study for the following reasons:
(1) Trauma to the maxillary central incisors that required acute care.
(2) If the subject demonstrates greater than 3 mm of apical root resorption
in a period of 6 months, a pause in their treatment was instituted as
recommended by Levander and Malmgren27 to help reduce the amount of
total resorption.
(3) If the subject chose to drop out of the study.
(4) If the subject demonstrated an unacceptable compliance during
orthodontic treatment such as frequently missing scheduled
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appointments or if there was excessive appliance breakage. This was
subjectively detennined by the investigators.
Once a subject was accepted into the study, they and their parent or guardian were
asked to sign an approved IRB (Institutional Review Board) consent form (Appendix #3).
Gender, age, medical history, and type of treatment (extraction vs. non-extraction) were
documented for each subject. Additionally, pre-treatment overjet and overbite was
determined for each subject. To obtain overjet and overbite values, reference lines were
constructed on the initial cephalogram. The reference line for overjet was a natural
horizontal as detennined by the subject's head position. The reference line for overbite
was a vertical plumb line constructed perpendicular to the natural horizontal line.
Perpendicular constructs to these reference lines through the incisal edges of the upper
and lower incisors were drawn. The distance between the perpendicular lines on the
horizontal reference line was also measured with digital calipers and recorded as the
subject's initial overjet(Figure 1). The distance between the perpendicular lines on the
vertical plumb line was measured with digital calipers and recorded as the subject's
initial overbite (Figure 1). The overjet and overbite of 15 random patients was measured
again by the same investigator two weeks later to calculate measurement error and
correlation coefficients between the two trials.
Pre-treatment cephalometric measurements were also recorded for each subject.
Measurements used for the study were upper incisal angle (FH), A-B(OP), interincisal
angle, SNA, SNB, and ANB. These cephalometric values were initially hand-measured
by the principal investigator and subsequently re-measured two weeks later to calculate
measurement error.
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Lateral cephalograms were taken at 6-month intervals so the amount and type of
maxillary incisor movement could be measured. The 6-month and 12-month
cephalograms were superimposed on the initial cephalogram for each patient using the
technique outlined by Johnston.75 Using horizontal and vertical reference lines, changes
in horizontal and vertical incisor position, as well as changes in angulation, were
determined for each subject. Additionally, at the end of the first year of treatment,
treatment techniques and appliances used were recorded for each subject.
Part II-Measurement of Root Resorption
Radiographic Technique
Each subject had radiographs taken according to the following schedule:
Kev: Lat. Ceph = Lateral Cephalogram
Lat.Occl = Lateral Occlusal (taken with jig)
Stand. PA = Standard Periapical (taken with jig)
Initial Records
Lat.Occl
Stand. PA
Lat. Ceph
3 months
Stand. PA
6 months
Stand. PA
Lat. Ceph
9 months
Stand. PA
12 months
Stand. PA
Lat. Ceph
The periapical radiographs were taken according to the technique developed by
Costopoulos and Nanda22 at the University of Connecticut Department of Orthodontics.
For this technique, a customized acrylic jig is fabricated to the incisal edge of one central
incisor and is temporarily ligated to the incisor bracket (Figure 2). The jig has a 17 mm
long section of 0.030 wire attached to it in front of the labial surface of the tooth. A
special lateral occlusal, or an across-the-face film, is then taken with the jig in place to
confirm that the wire is parallel to the long axis of the root76 (Figures 3-4). Adjustment
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of the jig to achieve parallelism with the long axis of the tooth was made based on the
observation made from the lateral occlusal film. It was necessary to achieve parallelisnl
between the jig and the long axis of the tooth since parallel objects elongate or
foreshorten at the same rate, allowing for accurate tooth and root measurement. Once the
wire was parallel, a standard periapical was taken with the superimposition of the shadow
of the wire on the long axis of the tooth (Figure 5). Each radiograph was taken with a
standardized long cone paralleling technique to allow for greater accuracy in comparing
root resorption measurements.
Measurement Technique
The use of the wire attached to the jig allowed the principal investigator to
calculate an exact magnification factor because once the true length of the wire was
known it was compared to the length on the film. The investigator first measured the
actual length of the wire on the jig with digital calipers and then measured the length of
the wire on the standard periapical radiograph with digital calipers. Additionally, the
length of the tooth on the film from the apex to the midpoint of the incisal edge was
measured with digital calipers (Figure 6). This data was then incorporated into the
following equation to calculate the actual tooth length:
Toothactual = Wireactual x Tooth Tad
Wirerad
Subsequently, the amount of root resorption for each radiograph = Tooth actual (TI,T2,T3,T4)-
Tooth actual(TO) ·
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A random sample of 54 teeth were re-measured on the periapical radiographs two
weeks following the initial measurement to determine intra-observer measurement error.
Descriptive statistics were calculated for each amount of change from the original
measurement to the second measurement. Correlation coefficients for the two trials were
also generated.
Determination ofthe Reliability ofthe Jig Measurement Technique
Valid conclusions drawn from this study depend on the reliability of the method
used to measure the amount of root resorption. Therefore, the amount of loss determined
by the jig measurement method was statistically compared to the results of two alternate
nlethods, one using bracket width and one using a crown magnification factor. The
measurement technique with the best reliability and the least error was selected and used
to measure root loss on all radiographs for the remainder of the study.
The method incorporating bracket width is similar to the jig technique. The only
difference is that the bracket width (measured at the midpoint of the base) is substituted
for the wire length on the jig. The tooth length on each radiograph was calculated from
the following equation:
Toothactual = Bracket widthactual x Tooth Tad
Bracket widthrad
Subsequently, the amount of root resorption for each radiograph (1) = Tooth actual
(Tl ,T2,T3,T4)-Tooth actual (TO).
Many previous studies quantified the measurement of root resorption using the
crown magnification method described by Linge and Linge3. For this method, root and
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crown lengths are measured directly off of periapical radiographs. Magnification error
between the two radiographs is corrected for by the generation of a "correction factor for
enlargement difference (f)" which is equal to the ratio of crown length on the first
radiograph to the crown length on the second film. This correction factor is based on the
assumption that crown lengths are unchanged over the observation period. Consequently,
the amount of root resorption = length of root 1 - f(length of root 2). For this study, full
tooth length measurements were made instead of root length measurements. Therefore,
the amount of root resorption = length of tooth 1 - f(length of tooth 2).
Reliability of each technique was detennined by re-measuring 30 central incisors
and generating correlation coefficients between the two measurement trials. Measurement
error was also calculated for each method.
Part III-Determination of the Amount and Rate of Root Resorption
Radiographic data from the standard periapical radiographs was collected from
the subjects up until the completion of the first twelve months of treatment, for a total of
four time intervals. The amount of root resorption that occurred at each time point, as
determined by the jig method, was plotted against time (days) for each individual tooth.
In addition, a mean amount of root resorption for each time interval was calculated for
the total sample and was plotted against time. The rate of root resorption was determined
for each time interval by dividing the amount of root loss by the number of days in the
interval. The rate of root resorption at each tinle interval was plotted against time for
each individual tooth. In addition to plotting individual graphs, an average plot of the
rate of root resorption was generated for the entire sample. A mean rate and total amount
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of root resorption that occurred during the first twelve months of treatment will be
reported for the entire sample
The frequency distribution of the amount of root resorption was determined for
the sample. Those teeth which exhibited greater than 1.5mm of root loss were identified
and placed into a subgroup (+RR). Subsequently, the same number of teeth at the other
extreme tail of the frequency distribution were identified and placed into another
subgroup (-RR). The mean amount and rate of root resorption for each time interval was
calculated for each subgroup and was plotted against time.
Part IV-Relationship Between Pre-treatment Variables/Treatment
Variables/Treatment Effects and Root Resorption
The investigators of this study attempted to statistically correlate pre-treatment
variables, treatment variables and treatment effects with the presence or absence of root
resorption after the first twelve months of treatment. Pre-treatment variables tested were
age, gender, cephalometric measurements [interincisal angle, upper incisor angle( FH),
A-B(OP), SNA, SNB, and ANB], initial overbite and initial overjet. Treatment variables
were defined as the techniques employed during the first year of treatment and their
duration. These techniques include extraction vs. non-extraction therapy and the use of
rectangular wires, closing loop arch wires, interarch elastics, intrusion arches, and power
chain. Treatment effects included the type and amount ofmaxillary central incisor
movement as a result of orthodontic treatment as determined by cephalometric
superimposition. Descriptive statistics representing the distributions of these variables
were calculated for the +RR and -RR subgroups. The independent variable for these
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statistical analyses was the root resorption subgroups. Two-tailed t-tests were employed
to test for statistical differences between the means of each dependent variable, excluding
gender and extraction vs. non-extraction therapy, for the two subgroups. All of the t-tests
were set at a p<O.05 level of significance. Gender and extraction vs. non-extraction
therapy were tested using chi-square statistics that also were set at a p<O.05 level of
significance.
Stepwise multivariable regression analysis was used to determine the effect of the
independent (treatment and pre-treatment) variables on the rate and amount of root
resorption (dependent variable) for the entire sample. Independent variables were
dropped in a stepwise manner until all remaining variables had a significance level of
p<O.05.
RESULTS
Part I-Subject Selection
Fifty-four patients initially met the inclusion criteria and agreed to participate in
the study. Thirteen subjects did not complete the study: two were dropped for excessive
breakage of appliances, one chose to withdraw from the study and ten were dropped due
to excessive missed appointments. Forty-one patients completed the study for a total
sample of 82 maxillary central incisors. Twenty-nine females and 12 males participated
in the study. The mean age for the subjects was 13.5 years +/- 3.45 with a range of 10-
28.8 years (Table 1). Twenty-one subjects had premolar extractions as part of their
orthodontic therapy; 20 subjects underwent non-extraction therapy.
Assessment ofpatient characteristics was done by clinical exam and through the
use of lateral cephalograms. These radiographs not only gave pre-treatment
cephalometric information but also allowed for measurement of initial overbite and
overjet. The mean overbite for the subjects was 2.96mm +/-1.98 with a range of(-)1.62-
6.13 years (Table 2). The mean overjet was 6.05mm +/-2.37 with a range of2.56-12.72
years (Table 3).Intra-observer measurement error was calculated for both overbite and
overjet on 15 subjects. Both the overbite and the overjet methods had high correlation to
the repeated measurements (r=0.98) indicating a small intra-observer measurement error.
The mean error for overbite measurement was 0.31mm +/-0.19 (Table 4). The mean
error for overjet measurement was 0.23mm +/-0.33 (Table 5).
Intra-observer measurement error and correlation coefficients were also calculated
for each initial cephalometric variable used in the study. The SNB measurement trials
had the highest correlation (r=O.98). The other variables had correlation coefficients
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above 0.85, indicating good intra-observer reliability. Additionally, the mean error for
each variable was small (Tables 6-11).
The type and amount movement of the maxillary central incisors for each patient
was determined by serial cephalonletric superimposition. The mean amount of
horizontal movement (retraction) for the entire sample was -1.57mm+/-l.78 and the
median was -1.34mm (Table 12). The mean amount of vertical movement (extrusion)
was 0.24mm+/-l.56 and the median was O.OOmm (Table 13). The average change in
angulation for the entire sample was -3.70°+/-6.17 and the median was -4.00° (Table
14). Note: a negative value indicates lingual crown movement and buccal root
movement (Figure 7) To test for intra-observer error, the superimpositions were repeated
by the same investigator on 15 patients two weeks after initial measurement. All three
movements (horizontal, vertical and angular) had high correlation values between the two
trials (r=O.88, 0.82 and 0.96, respectively). The mean measurement error in the
horizontal plane was 0.63mm+/-0.62 (Table 15). The mean error in the vertical plane
was 0.74mm+/-O.59 (Table 16) and the mean error for angular change was 1.73mnl+/-
1.34 (Table 17).
Part II - Measurement of Root Resorption
Determination ofthe Reliability ofthe Jig Measurement Technique
The quantitative method ofmeasuring root resorption developed by Nanda and
Costopolous (jig) was compared to two alternative methods (bracket and crown) to
determine which had the best reliability and least error. The mean root loss determined
by the jig, bracket and crown methods was 0.70mm, 0.63mm and -0.67mm, respectively
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(Table 18 - Note: a negative value indicates root lengthening). The jig and crown
methods were done on all 82 sample incisors whereas the bracket method could only be
done on 78 incisors due to the fact that 2 patients had ceramic, not metal, brackets.
Correlation statistics were done to compare the three methods to each other (Table 19).
The jig method had similar correlation to both the bracket and crown methods (r=O.60
and 0.61, respectively). The crown and bracket methods had a lower correlation to each
other (r=0.49).
To determine which method had the least error and best reproducibility associated
with it, the radiographic image of the jig length, bracket width and crown height on 30
radiographs were re-measured by the principal investigator two weeks after initial
measurement (Table 20-21). Of the three methods, the jig and bracket methods had the
least mean error associated with them (0.09mm and 0.08mm, respectively) while the
crown method had a much higher mean error (O.22mm). Figure 8 is a graphic
representation of the mean error and standard deviation for each measurement method.
To determine reproducibility, correlation coefficients were generated between the two
measurement trials for each method. The jig method had the highest correlation (r=0.99)
followed by the crown method (r=O.96) and the bracket method (r=O.89). Since the jig
method had a small mean error and the best reproducibility, it was the method chosen to
calculate root loss for the remainder of the study.
Part III-Determination of the Amount and Rate of Root Resorption
Using the jig measurement method, the amount of root loss during the first twelve
months of orthodontic treatment was calculated for each sample central incisor. The
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individual graphs for each patient are found in Appendix II (Figure 9-49). The mean root
loss for the entire sample was 0.70mnl +/- 1.61mm. The median root loss was 0.82mm
(Table 18). Figure 50 demonstrates the progression of root loss over tIle first twelve
months of treatment for the total sample. The frequency distribution of the amount of root
resorption for the entire sample is represented by Figure 51. To determine intra-observer
measurement error, 54 central incisors were re-measured on the radiographs two weeks
after initial measurement. The mean error between the two trials was 0.36mm+/-0.28mm
and the correlation coefficient between the two trials was 0.98 (Table 22).
The sample was subdivided based on the amount of root resorption found after
the first twelve months of therapy. Twenty-eight maxillary central incisors experienced
greater than 1.50mm of root resorption and subsequently were placed into the (+) RR
subgroup. The (+) RR subgroup represented the upper third (34%) of the frequency
distribution (Figure 52). The 28 incisors corresponded to 19 patients. Nine patients in the
(+) RR subgroup had more than 1.50mm root loss on both central incisors. Ten patients
expressed greater than 1.50mm on only one central incisor. The mean amount of root
loss after 12 months for the (+) RR subgroup was 2.32mm+/- 0.94mm. The median root
loss was 2.03mm (Table 23). Figure 53 is a graphic representation of the progression of
root loss over the first 12 months of treatment for the (+) RR subgroup.
To statistically compare both the upper and lower tails of the frequency
distribution, a (-) RR subgroup was created which encompassed the lower third (34%) of
the frequency distribution (Figure 52). The 28 central incisors that displayed the least
amount of root loss over twelve months were placed into this subgroup. These teeth
corresponded to 18 patients. Ten of the 18 had both of their central incisors in the (-) RR
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subgroup; 8 had only one central incisor in the subgroup. Four patients had one central
incisor in the (+) RR subgroup and the other central incisor in the (-) RR subgroup. The
mean amount of root change over twelve months for the (-) RR subgroup was -
1.01mm+/- 1.02, indicating root lengthening. The median amount of change was -
O.85mm (Table 23). Figure 53 depicts the graphic representation of the progression of
root loss over the first 12 months of treatment for the (-) RR subgroup.
The frequency distribution ofroot resorption for each subgroup was graphed and
conlpared (Figure 54). The (-) RR group displayed a more normal distribution than the
(+) subgroup, which shows more ofa bimodal tendency.
The rate of root resorption for each central incisor was calculated by dividing the
amount of root loss at each time point by the number of days in each time interval.
Figures 10-50 depict the rate curves for each subject's central incisors. The mean rate of
root loss for the entire sample was O.002mm/day +/-0.004 or 0.70mm/year. The median
rate was O.002mm1day (Table 24). Figure 55 demonstrates the progression of the rate of
root resorption over the first twelve months of treatment for the entire sample.
The rate of resorption was also calculated for the (+) and (-) subgroups. The
mean rate for the (+) subgroup was 0.006mm/day +/- 0.003 or 2. 19mm1year. The median
for the (+) subgroup was 0.005mm/day (Table 25). The mean rate for the (-) subgroup
was -0.002mm1day +/- 0.003 or -O.77mm/year. The median rate for this subgroup was
also -O.002mm1day (Table 25). Figure 56 compares the rate of root resorption for both the
(+) and the (-) subgroups.
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Part IV-Relationship Between Pre-treatmentVariablesrrreatment Variables/
Treatment Effects and Root Resorption
Hypothesis Testing - Differences between Means
Once the (+) and (-) subgroups were created, independent variables were tested to
detennine if any could be predictive of root resorption before orthodontic treatment is
instituted. Student's t-test was used for the following pre-treatment variables to test for
significant differences between the means in each subgroup: age, initial overjet, initial
overbite, SNA, SNB, ANB, upper incisor angle (FH), interincisal angle, and AB(OP).
(Tables 26-34) The only pre-treatment variable that had a statistically significant
difference between the (+) and (-) subgroups was age, but the difference was weak. The
mean age of the patients in the (+) subgroup was higher than the mean age in the (-)
subgroup. Every other pre-treatment variable did not have means that were significantly
different between the two subgroups (p>0.05).
Certain pre-treatment variables had nominal data and were analyzed using chi-
square statistics to test for differences between the means in each subgroup. These
variables included gender and extraction vs. non-extraction therapy to test for significant
differences between the two subgroups. No statistically significant difference between
the two groups was found for either of these variables (Tables 35-36)
Change in incisor position in the horizontal and vertical planes of space in
addition to angular change were tested for significant differences between groups. Each
of these variables had p values greater than 0.05 and therefore were not found to be
statistically different between the (+) and (-) RR groups (Tables 37-39).
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Finally, the number ofmonths that a patient was subjected to certain treatment
mechanics was tested between (+) and (-) RR groups. These treatment nlechanics
included use of interarch elastics, intrusion arches, power chain, rectangular arch wires
and closing loop arch wires. None of these variables had differences between the two
groups that were statistically significant. (Tables 40-44).
Regression Analysis
As a final means of attempting to explain the relationship of the pre-treatment and
treatment variables to the magnitude of root resorption, all independent variables were
used in a stepwise multivariable regression analysis (Table 45). All of the independent
variables were initially included. The amount of root loss at one year was the dependent
variable. Independent variables were dropped in a stepwise fashion until only
independent variables with statistically significant regression coefficients (i.e. regression
coefficient ¢ 0, p. < 0.05) remained (Table 46).
The final regression model contained age and overjet as statistically significant
detenninants of root resorption. However, the regression coefficient (R2) for this model
was 0.17, meaning that this model predicted only 17% of the variation in root loss.
RR= -2.36 + 0.14(Age) + 0.20(Overjet) R2=0.17
DISCUSSION
The purpose of this study was to determine the amount and rate of root resorption
that occurred in a representative sample of orthodontic patients during the first twelve
months of orthodontic therapy. The results of this study indicate that root loss
subsequent to orthodontics is measurable in the early stages of treatment and can be a
good indication ofhow much root loss the patient can expect after therapy is complete.
It is important to note that data for this study was collected from subjects who
received orthodontic treatment in one clinic that teaches the use of light, continuous
forces to achieve slow bone resorption and tooth movement. Undermining resorption is
avoided because of these light forces. For example, intrusion was completed with forces
no greater than 20g per tooth and retraction of incisors was done with no greater than
200g of force. Therefore, any results from this study can only be applied to patients who
are receiving the sanle type of light, continuous force application. Teeth subjected to
heavy forces and undermining resorption may resorb different amounts and at different
rates than those in this study.
Conclusions drawn from root resorption data are only as good as the nlethod used
to calculate the loss. The easiest and traditional way for the clinician to determine if root
resorption has occurred is to subjectively evaluate periapical radiographs for blunting or
root shortening after treatment is complete. Many classic studies on root resorption have
been done using a subjective ordinal scale, such as the one utilized by Levander and
Malmgren26, to classify the severity of the root loss. Subsequently, investigators began
looking at root resorption quantitatively in addition to qualitative assessment. Linge and
Linge3 developed a method that became the standard when doing quantitative
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assessment. This method has some limitations. It is difficult to reliably locate the CEJ
off of serial periapical radiographs, especially if the radiographs were taken at different
angulations. Therefore, Costopolous and Nanda22 developed the jig technique to
measure root loss.
The first part of this study detennined the reliability of the jig technique in
comparison to the Linge and Linge (crown) technique and a technique similar to the jig
technique except that the bracket width was substituted for the jig length in the equation.
Ideally, the validity of the method, or how close calculated values are to absolute values,
should be determined. Unfortunately, it is difficult to assess the validity of a root
resorption measurement technique due to the fact that the only way to detemline the
absolute amount of root loss would be to extract the tooth and compare the length to that
on the radiograph. Due to the impossibility ofdetennining the validity of root resorption
techniques, the best alternative is to devise a technique that is both reliable and has a
small measurement error associated with it.
The results of this study show that the jig method developed by Costopolous and
Nanda has the best measurement reproducibility and therefore the best measurement
reliability of the three techniques. When compared to the crown method, the jig
technique has a smaller mean error and a higher correlation between repeated trials.
Additionally, the jig length is, on average, 17mm in length whereas the crown length is
approximately 10mm. Measuring a longer object cuts down on the effect measurement
error will have on the final result, i.e. the amount ofmeasurement error on a small object
will have a proportionally greater effect on the final result than the same amount of error
47
on a larger object. Since the jig is almost twice the length of an average crown, the effect
of error on the final result will be less.
The bracket method has a similar mean measurement error as the jig technique,
but the correlation between the two measurement trials was less. The advantage ofusing
the bracket method over the crown method is that it is easier to locate definite margins of
the bracket than to reliably locate the eEJ of the crown consistently. The major
disadvantage of the bracket method is that the width of the bracket is 2.52mm. A small
measurement error in the bracket nlethod will have a large effect on the final calculation
for root loss.
The results of this study indicate that the jig method is the most reproducible
technique of the three tested for measuring root resorption. This technique appears to
offer a more reliable means of analyzing root resorption in prospective clinical studies.
Further, since the total amount of root loss in this study, and most other studies, was
small, it is important that investigators minimize technical errors in measuring root loss
on radiographs.
The mean and median amount of root resorption for the entire sample, as
determined by the jig method, was O.70mnl for the first year of treatment. If this were to
remain constant throughout the rest of treatment, which is approximately 2 years, the
average amount of resorption will be less than 2 mm. This is in accordance with the 1998
Parker and Harris77 publication that reported that the average root loss for a sample of
110 patients was 1.4mm over the entire course of orthodontic treatment.
It is important to caution about the relevance of reporting a mean for an entire
sample. Descriptive statistics characterize a sample and from the sample conclusions
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about a population are drawn. The mean is best used when describing a normal
distribution or one where there are no extreme values. Since raw data is not nonnally
published, it may not be prudent to assume that there were no extreme values used to
calculate the mean. Therefore, when the distribution of data is not known, the median
may be a better measure of central tendency because it is not as sensitive to extreme
outliers. In the case of root resorption, the mean amount of root loss is of less concern for
the population than it is for those with severe root loss.
The frequency distribution generated for the total sample of central incisors
(Figure 52) follows a skewed bimodal distribution. The majority of the data is clustered
around O.50mm of root loss with a nonnal shaped distribution in this region, but there are
some outlying samples in the severe root loss region that cause the entire distribution to
be bimodal. This skewness is expected as extreme root lengthening contradicts current
understanding ofperiodontal/periapical biology in the study sample. In other words, roots
shorten during orthodontic treatment; they don't lengthen. The bimodal distribution
implies that although most orthodontic patients should have a low risk for severe root
resorption, there is a subset of the population who will be at a much higher risk.
Fortunately, according to our sample data, that high-risk subset should be small. Since
these high-risk patients do exist, researchers are compelled to look for methods of
identifying those patients and ways to minimize the root loss.
Once the total amount of root loss was detennined for each central incisor, the
sample was divided into subgroups. Any tooth exhibiting greater than 1.50mm of
resorption at the end of twelve months was placed into the (+) RR subgroup. This amount
of root loss was chosen as the cut-offpoint based on the previously-mentioned study by
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Parker and Harris. When the data was divided into subgroups, a distinct difference in the
mean amount and rate of root resorption was noticed between the two subsets. The
amount of loss for the (+) RR subgroup appears to increase linearly with time whereas
the loss for the (-) RR subgroup remains around zero (Figure 54). For this reason, it is
very important to identify those patients who may be at a higher risk for root loss early in
treatment. Since root resorption in these high-risk patients appears to increase linearly
with time, treatment times for these patients can be kept as short as possible if they are
identified early in treatment.
The mean rate of resorption for both subgroups also demonstrated a distinct
difference between subgroups. The rate of resorption in the (+) RR subgroup rises to its
highest point at the first time point, or 3 months after orthodontic treatment is begun. As
anticipated, the rate of root resorption remained approximately zero for those who
experience no root loss. Since the first radiograph in this study was taken at 3 months,
there is no way ofknowing precisely at what point the root resorption process is
activated. The rate may reach its highest point within days or weeks of initial force
application, not months.
From the first time interval, there is a slight decrease in the rate until the 12 month
mark. There are two possible reasons for this finding. A decrease in the rate could
indicate that either the process has slowed or reversed. A reversal in the resorption
process would suggest that the root is undergoing a repair process but this is contrary to
the major understanding in orthodontics that root resorption is a continuous process that
doesn't stop until orthodontic forces are removed. Alternatively, this rate decrease may
be best explained by root surface area. When orthodontic treatment is begun, most
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central incisor roots are narrow at the apex, which is where the majority ofEARR occurs.
Once the resorption process begins, the root becomes more blunted and therefore has
more surface area at the apex. Theoretically, a larger surface should take longer to resorb
thereby decreasing the rate of resorption as treatment time progresses.
In terms of detection, root resorption may not be apparent for several months.
Yet, it may be difficult to detennine if a central incisor is at risk for severe resorption
based solely on the amount of loss at this point in treatment. At 3 months, the (+) RR
group demonstrated approximately 0.84mm of root resorption. The measurement error of
root length in this study was 0.36mm, or almost 50% of the root resorption seen in 3
months. The amount of root resorption recorded at the 3-month time interval may not be
accurate. Therefore, six months may be a better time point at which to check for root
resorption. If there is evidence of root loss on this six-month periapical radiograph, this
should be an indication that the tooth may be at a high risk for root resorption.
The data from this study supports the research done by Levander and
Malmgren78. In their investigation, they report that there is a risk of severe root loss in
teeth with minor resorption after 6-9 months. They also found that even those teeth with
irregular contours after the initial 6-9 months of treatment are at a higher risk for severe
loss. Additionally, those teeth without root resorption after the initial 6-9 months did not
have severe root loss once treatment was complete. Based on the results from the present
study and those from Levander and Malmgren, early detection of root resorption and
identification of those patients who may be at a higher risk for root loss subsequent to
orthodontic therapy is possible. Once these patients have been identified, they have a
higher probability of developing a root resorption pattern similar to those in the (+) RR
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subgroup. In other words, the root loss is likely to continue linearly with time. The
clinician can alter the treatment plan for these patients to keep the duration of active
treatment to a minimum, hoping to reduce the final amount of resorption. From a medico-
legal risk management perspective, these patients can also be given a more in-depth
explanation of the risks of root resorption in orthodontic therapy. Individualized, specific
infonned consent for patients exhibiting root resorption early in treatment better serves
the patient and protects the orthodontist.
It is important to note that although the mean amount of root resorption for both
groups follows a certain pattern, sonle individuals in the subgroups do not demonstrate
the same curve as the mean. Some patients follow the pattern such as found in Figure 10,
where root resorption is evident on the 3-month radiograph. Subsequently, the root length
appears to increase by the 6-month evaluation. For these patients, these conflicting
findings could be due to a number of reasons. First, it may be due to measurement error.
It could also be that there was a removal or marked reduction oforthodontic forces
between the first and second time points. Alternatively, this drop in rate could be a result
of a repair process occurring in the tooth. Other patients follow a pattern such as that
found in Figure 15. In these patients, the root resorption process is not detected until later
time points. Again, nleasurement error may explain this finding. But, the root resorption
process may have also been activated at this point by application of a force. Either the
magnitude and/or the character of the force could be responsible for the rise in root
resorption. Within the limits of this study, the effect of specific force systems on
maxillary incisors cannot be determined.
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As outlined in the literature review, the majority of root resorption research has
focused on identifying patient variables that can be predictive of root resorption or
treatment variables that actually cause root loss. None of these studies have been able to
definitively identify patient characteristics that are predictive of root resorption. Most
studies suggest that certain variables may better predictors based on statistical
correlations. Although several studies have derived statistically significant correlations or
regression models of root resorption, their clinical utility is limited. This study yielded
similar results. No statistically significant differences were found between the RR groups
for any of the dependent variables except age.
Age was the sole variable with a statistically significant difference between
subgroups, but the significance was weak. This result can be interpreted in two ways. It
can be concluded that older patients are at a higher risk for severe root resorption or that
younger patients are at a lower risk for root loss. Every adult who receives orthodontic
treatment does not get severe root resorption so it may be prudent to conclude that
younger patients are at a lower risk. The explanation for this could have to do with root
fonnation of the maxillary central incisors. One of the inclusion criteria was that the
patients needed to have complete root formation, since it has been found that open apices
may actually be preventive for root resorption.4 Root formation was determined on either
panoranlic or periapical radiographs. Eruption of central incisors occurs at 8 years old
and root formation is reported to be complete 2-3 years after eruption.79 Although most
patients are assumed to have completed central incisor root formation by age 11, it is
possible that some patients have delayed apexification and some root lengthening during
treatment can be expected. Some patients, especially those who showed root lengthening
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in the extreme lower tail, actually may have had open apices which were not evident on
the radiographs. This would account not only for some patients experiencing root
lengthening, but would also explain the difference in age between the extreme tails of the
frequency distribution.
The regression model predicting the amount of root resorption for one year of
treatment identified only on age and overjet as statistically significant determinants. This
model only accounted for 17% of the variability of root resorption, thus it is ofminimal
clinical usefulness. This study further demonstrates the limitations of attempting to
develop a powerful and clinically relevant mathematical model for predicting root
resorption. It may be futile to continue to attempt to predict root resorption with these
techniques.
Perhaps an alternative approach to developing models of root resorption in
orthodontic patients is needed. Minor amounts of root resorption are unlikely to be
problematic for the majority of orthodontic patients. Patients experiencing great amounts
of root loss are the real concern. In epidemiology, more sophisticated models of several
diseases with multiple risk factors have been developed. For patients exhibiting severe
root resorption, the risk factors may not be conventional orthodontic details. Orthodontic
forces may be a necessary factor for expression of the root loss, but as yet unknown
constitutional characteristics may contribute to the risk for severe resorption. Based on
the results of this and other studies, these additional factors do not appear to be as simple
as cephalometric measurements or clinical techniques.
Some pennanent teeth can experience idiopathic root resorption. It has been
reported that approximately 22.5% ofmaxillary central incisors are involved in idiopathic
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resorption. Speculation regarding the cause of this root resorption ranges from yet to be
identified systemic or local factors to a normal consequence ofbone turnover and
remodeling. Similar factors may playa role in root resorption found coincident with
orthodontic treatment.
Future Studies
The majority of root resorption studies have concentrated on predictive variables
from a large sample ofpatients, most of which do not experience any root resorption and
some who do. Future root resorption studies should concentrate on the group ofpatients
who exhibits severe root loss. As stated in the literature review, all orthodontic patients
show evidence of root resorption after application of a force. Root loss on most of these
patients can only be detected histologically, but it is present to some degree in every
patient. Additionally, for the majority of these patients, the root resorption is ofno
consequence to the health of the dentition. Small amounts of root resorption may be an
unavoidable and inconsequential sequelae of orthodontic treatment. Identifying patients
with measurable root resorption early in treatment can significantly reduce the risk of
large amount of root resorption and its impact on a tooth's long-term prognosis.
The focus of root resorption studies should shift from determining predictive
clinical variables to identifying potential biologic markers that predispose a patient to
root resorption. Biologic variations can be investigated at either the systemic or local
level. Although neither category has been tested, focusing research on local biologic
factors, such as cytokines, may rear more conclusive results than looking at broad,
systemic factors such as honnones. This assumption is based on individual subject's data
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for both central incisors. Four of the patients in the present study had one central incisor
in the severe root resorption group and had the other in the corresponding extreme group
at the lower end of the frequency distribution. If any broad patient characteristic, either
clinical or systemic, were responsible for pre-disposing a patient to root resorption, both
central incisors should resorb the same amount and at the same rate. Yet, based on
present data and other clinical observations, some patients do experience severe apical
root resorption in only one of their incisors. Local factors specific to the area of
resorption may be responsible for apical root loss.
The next logical step in root resorption research would be to look for common
biologic markers that are elevated and common to those patients who get severe root loss
during orthodontic therapy. Tissues adjacent to the site of resorption that could be tested
include crevicular fluid, alveolar bone, and the periodontal ligament (PDL). Logistically,
this may be difficult since the only way to test the bone or the PDL around the area of
apical root resorption would be to extract the tooth. The first step in deducing which local
factors are associated with root resorption is to develop at good animal model in which
root resorption can reliably be generated. Once the root loss occurs in the animal teeth,
the tooth itself and surrounding tissues can be analyzed for differences in local factors.
Once the animal model has been developed, potential future studies may concentrate on
moving premolars that are planned for extraction and analyzing those that show evidence
of root resorption.
CONCLUSIONS
1) The jig measurement technique is effective in root resorption studies, but the
bracket technique is sufficient for clinicians to use to detect root resorption.
2) Root resorption begins early in treatment and linearly progresses for
those susceptible.
3) No common orthodontic variables are useful predictors of the risk of
severe root resorption.
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APPENDIX 1. FIGURES
Natural
Horizontal
-~-~----"""'t-
Vertical
Plumb
Line
Vertical
Plumb
Line
Figure 1. Overbite and overjet measurement diagram
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Figure 1. Photo ofpatient with jig in place
Figure 2 Photograph of setup used to take the across the face (lateral occlusal) film
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Figure 3. Lateral occlusal film.
Note the parallelism of the jig with the long axis of the tooth
17 mm Stainless steel wire
in acrylic jig
-rEIJ
Ainn X-C-P film holding device
Figure 4. Schematic diagram of the use of the acrylic jig when taking the standard
periapical radiograph.
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Figure 5. Schematic diagram of a standard periapical radiograph.
This diagram depicts how the parallel images will be projected onto the periapical and
how tooth and jig lengths will be measured from the radiograph.
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~x: Oveljet Change ~y: Overbite Change
Sign Convention
Llao: Axial Inclination Change
Positive (+)
Figure 7. Cephalometric measurements of incisor movement, based on anatomical
superimposition of the maxilla
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Figure 8. Comparison ofroot resorption findings by alternative measurement techniques
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(+) RR subgroup
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Figure 14. Individual graphs for patient HK
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Figure 15. Individual graphs for patient RW
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(+) RR subgroup
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Figure 16. Individual graphs for patient LAn
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Figure 17. Individual graphs for patient Ie
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(+) RR subgroup
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Figure 18. Individual graphs for patient SG
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Figure 19. Individual graphs for patient AEv
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Figure 20. Individual graphs for patient WM
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Figure 21. Individual graphs for patient DW
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Figure 22. Individual graphs for patient HJ
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Figure 23. Individual graphs for patient SB
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Figure 24. Individual graphs for patient DA
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Figure 25. Individual graphs for patient KR
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(-) RR subgroup
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Figure 26. Individual graphs for patient TM
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Figure 27. Individual graphs for patient MP
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Figure 28. Individual graphs for patient JR
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Figure 29. Individual graphs for patient JD
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Figure 30. Individual graphs for patient LAx
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Figure 31. Individual graphs for patient MM
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Figure 32. Individual graphs for patient NS
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Figure 33. Individual graphs for patient ES
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Figure 34. Individual graphs for patient SL
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Figure 35. Individual graphs for patient AE
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Figure 36. Individual graphs for patient AB
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Figure 37. Individual graphs for patient BS
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Figure 38. Individual graphs for patient LV
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Figure 39. Individual graphs for patient KZ
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Figure 40. Individual graphs for patient TZ
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(+ and -) RR subgroups
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Figure 41. Individual graphs for patient MMs
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Figure 42. Individual graphs for patient WL
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Figure 43. Individual graphs for patient LAv
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Figure 44. Individual graphs for patient LB
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Figure 45. Individual graphs for patient LA
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Figure 46. Individual graphs for patient LR
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Figure 47. Individual graphs for patient DC
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Figure 48. Individual graphs for patient FH
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APPENDIX II: TABLES
Table 1: Descriptive Statistics for age of total sample
Age
Mean 13.50
Standard Error 0.50
Median 12.70
Mode 13.60
Standard Deviation 3.50
Sample Variance 11.90
Kurtosis 8.90
Skewness 2.60
Range 18.80
Minimum 10.00
Maximum 28.80
Sum 554.10
Count 41.00
Confidence 1.10
Level(95.0%)
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Table 2: Descriptive Statistics for overbite of total sample
Overbite
Mean 2.96
Standard Error 0.31
Median 3.11
Mode 3.58
Standard Deviation 1.98
Sample Variance 3.91
Kurtosis -0.37
Skewness -0.52
Range 7.75
Mininlum -1.62
Maximum 6.13
Sum 121.46
Count 41.00
Confidence 0.62
Level(95.0%)
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Table 3: Descriptive Statistics for overjet of total sample
Overjet
Mean 6.05
Standard Error 0.37
Median 5.94
Mode #N/A
Standard Deviation 2.37
Sample Variance 5.64
Kurtosis 0.41
Skewness 0.80
Range 10.16
Minimum 2.56
Maximum 12.72
Sum 248.04
Count 41.00
Confidence 0.75
Level(95.0%)
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Table 4. Intra-observer error and correlation between the same overbite measurement for
each trial (A and B)
Overbite error
Mean 0.31
Standard Error 0.05
Median 0.29
Mode 0.04
Standard 0.19
Deviation
Sample Variance 0.04
Kurtosis -1.32
Skewness -0.23
Range 0.58
Minimum 0.01
Maximum 0.59
Sum 4.64
Count 15.00
Overbite
Trial 1
Trial 2
Trial 1 Trial 2
1
0.98 1
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Table 5. Intra-observer error and correlation between the same overjet measurement for
each trial (A and B).
Overjet error
Mean 0.23
Standard Error 0.09
Median 0.15
Mode #N/A
Standard 0.33
Deviation
Sample Variance 0.11
Kurtosis 1.78
Skewness -0.77
Range 1.36
Minimum -0.60
Maximum 0.76
Sum 3.44
Count 15.00
Overjet Trial] Trial 2
Trial 1 1
Trial 2 0.98 1
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Table 6.Intra-observer error and correlation between the same measurement of SNA for
each trial (A and B).
SNA
Mean 0.95
Standard Error 0.22
Median 0.50
Mode 0.50
Standard 0.82
Deviation
Sample Variance 0.67
Kurtosis -0.17
Skewness 1.01
Range 2.50
Minimum 0.00
Maximum 2.50
Sum 13.25
Count 14.00
Confidence 0.47
Level(95.0%)
SNA
Trial 1
Trial 2
Trial 1 Trial 2
1
0.97 1
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Table 7. Intra-observer error and correlation between the same measurement of SNB for
each trial (A and B).
SNB
Mean 0.73
Standard Error 0.14
Median 0.63
Mode 0.25
Standard 0.54
Deviation
Sample Variance 0.29
Kurtosis 1.02
Skewness 1.01
Range 2.00
Minimum 0.00
Maximum 2.00
Sum 10.25
Count 14.00
Confidence 0.31
Level(95.0%)
SNB Trial] Trial 2
Trial 1 1
Trial 2 0.98 1
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Table 8. Intra-observer error and correlation between the same measurement ofANB for
each trial (A and B).
ANB
Mean 0.89
Standard Error 0.17
Median 0.75
Mode 0.50
Standard 0.63
Deviation
Sample Variance 0.39
Kurtosis 2.10
Skewness 1.29
Range 2.25
Minimum 0.25
Maximum 2.50
Sum 12.50
Count 14.00
Confidence 0.36
Level(95.0%)
ANB Trial] Trial 2
Trial 1 1
Trial 2 0.85 1
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Table 9. Intra-observer error and correlation between the same measurement of AB(OP)
for each trial (A and B).
AB(OP)
Mean 0.84
Standard Error 0.15
Median 1.00
Mode 1.00
Standard 0.56
Deviation
Sample Variance 0.31
Kurtosis -0.95
Skewness -0.14
Range 1.75
Minimunl 0.00
Maximum 1.75
Sum 11.75
Count 14.00
Confidence 0.32
Level(95.0%)
AB(OP)
Trial 1
Trial 2
Trial 1 Trial 2
1
0.95 1
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Table 10. Intra-observer error and correlation between the same measurement of
interincisal angle for each trial (A and B).
Interincisal angle
Mean 2.41
Standard Error 0.38
Median 3.00
Mode 3.00
Standard 1.42
Deviation
Sample Variance 2.02
Kurtosis -1.55
Skewness -0.16
Range 4.00
Minimum 0.50
Maximum 4.50
Sum 33.75
Count 14.00
Confidence 0.82
Level(95.0%)
Interincisal Trial] Trial 2
angle
Trial 1 1
Trial 2 0.93 1
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Table 11. Intra-observer error and correlation between the same measurement of upper
incisal angle for each trial (A and B).
Upper incisal angle
Mean 2.18
Standard Error 0.51
Median 1.75
Mode 2.50
Standard 1.93
Deviation
Sample Variance 3.71
Kurtosis 2.43
Skewness 1.58
Range 7.00
Minimum 0.00
Maximum 7.00
Sum 30.50
Count 14.00
Confidence 1.11
Level(95.0%)
Upper Trial] Trial 2
incisorl
angle
Trial 1 1
Trial 2 0.86 1
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Table 12. Descriptive statistics for horizontal movement of each central incisor after
twelve months of orthodontic treatment.
Horizontal movement (mm)
Mean -1.57
Standard Error 0.28
Median -1.34
Mode 0.00
Standard 1.78
Deviation
Sample Variance 3.18
Kurtosis -0.06
Skewness -0.64
Range 7.88
Minimum -6.11
Maximum 1.77
Sum -64.42
Count 41.00
Confidence 0.56
Level(95.0%)
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Table 13. Descriptive statistics for vertical movement of each maxillary incisor after
twelve months of orthodontic treatment.
Vertical movement (mm)
Mean 0.24
Standard Error 0.24
Median 0.00
Mode 0.00
Standard 1.56
Deviation
Sample Variance 2.42
Kurtosis -0.03
Skewness 0.47
Range 6.27
Minimum -2.93
Maximunl 3.34
Sum 9.94
Count 41.00
Confidence 0.49
Level(95.0%)
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Table 14. Descriptive statistics for angular change of each maxillary incisor after twelve
months of orthodontic treatment.
Angular change (0)
Mean -3.70
Standard Error 0.96
Median -4.00
Mode -4.00
Standard 6.17
Deviation
Sample Variance 38.06
Kurtosis 0.04
Skewness -0.36
Range 27.00
Minimum -18.00
Maximum 9.00
Sum -151.50
Count 41.00
Confidence 1.95
Level(95.0%)
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Table 15. Intra-observer error and correlation between the same measurement of
horizontal change for each trial (A and B)
Horizontal measurement error
Mean 0.63
Standard Error 0.16
Median 0.52
Mode 0
Standard 0.62
Deviation
Sample Variance 0.38
Kurtosis 2.49
Skewness 1.48
Range 2.29
Minimum 0
Maximum 2.29
Sum 9.47
Count 15
Confidence 0.34
Level(95.0%)
Horizontal Trial] Trial 2
correlation
Trial 1 1
Trial 2 0.89 1
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Table 16. Intra-observer error and correlation between the same measurement of vertical
change for each trial (A and B)
Vertical measurement error
Mean 0.74
Standard Error 0.15
Median 0.86
Mode 0
Standard 0.59
Deviation
Sample Variance 0.34
Kurtosis -1.75
Skewness -0.14
Range 1.5
Minimum 0
Maximum 1.5
Sum 11.08
Count 15
Confidence 0.33
Level(95.0%)
Vertical Trial] Trial 2
change
Trial 1 1
Trial 2 0.82 1
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Table 17. Intra-observer error and correlation between the same measurement of angular
change for each trial (A and B).
Angular measurement error
Mean 1.73
Standard Error 0.34
Median 2.00
Mode 2.00
Standard 1.33
Deviation
Sample Variance 1.78
Kurtosis -1.07
Skewness -0.09
Range 4.00
Minimum 0.00
Maximum 4.00
Sum 26.00
Count 15.00
Confidence 0.74
Level(95.0%)
Angular Trial] Trial 2
change
Trial 1 1
Trial 2 0.96 1
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Table 18. Descriptive statistics for root loss detennined by jig, bracket and crown
measurement methods.
Jig Bracket Crown
Mean 0.70 0.63 -0.67
Standard 0.18 0.20 0.27
Error
Median 0.82 0.57 -0.39
Mode #N/A #N/A #N/A
Standard 1.61 1.73 2.40
Deviation
Sample 2.60 2.99 5.76
Variance
Kurtosis 0.85 1.10 -0.20
Skewness -0.13 -0.57 -0.25
Range 9.55 9.31 11.15
Minimum -4.01 -5.06 -6.80
Maximum 5.54 4.24 4.35
Sum 57.17 49.47 -54.82
Count 82.00 78.00 82.00
Confidence 0.35 0.39 0.53
Level(95.0%)
Table 19: Correlation statistics for three measurement methods.
Jig Bracket Crown
Jig 1
Bracket 0.60 1
Crown 0.61 0.49 1
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Table 20. Intra-observer error and correlation between the same measurement ofjig,
bracket and crown methods for each trial (A and B).
Jig Bracket Crown
Mean 0.09 0.08 0.22
Standard Error 0.01 0.01 0.04
Median 0.06 0.06 0.16
Mode 0.04 0.02 0.17
Standard 0.07 0.07 0.20
Deviation
Sample 0.00 0.00 0.04
Variance
Kurtosis 1.59 -0.06 2.19
Skewness 1.29 0.88 1.61
Range 0.27 0.26 0.79
Minimum 0.02 0.00 0.02
Maximum 0.29 0.26 0.81
Sum 2.58 2.37 6.64
Count 30.00 30.00 30.00
Confidence 0.02 0.03 0.07
Level(95.0%)
Table 21. Correlations between each trial for jig, bracket and crown measurement
methods.
Correlation Coefficients
Jig 0.99
Bracket 0.89
Crown 0.96
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Table 22. Intra-observer error and correlation between the same measurement of
radiographic tooth length for each trial (A and B).
Tooth length error
Mean 0.36
Standard Error 0.04
Median 0.29
Mode 0.09
Standard 0.28
Deviation
Sample Variance 0.08
Kurtosis -0.61
Skewness 0.70
Range 0.94
Minimunl 0.01
Maximum 0.95
Sum 19.47
Count 54.00
Confidence 0.08
Level(95.0%)
Tooth Trial] Trial 2
length
Trial 1 1
Trial 2 0.98 1
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Table 23 Descriptive statistics for root loss in the (+) and (-) RR subgroups.
(+)RR (-) RR
Mean 2.32 -1.01
Standard Error 0.18 0.19
Median 2.03 -0.85
Mode #N/A #N/A
Standard Deviation 0.94 1.02
Sample Variance 0.88 1.04
Kurtosis 3.79 1.88
Skewness 1.76 -1.25
Range 4.09 4.20
Minimum 1.45 -4.01
Maximum 5.54 0.18
Sum 65.10 -28.28
Count 28.00 28.00
Confidence 0.36 0.40
Level(95.0%)
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Table 24. Descriptive statistics for rate of root resorption for the entire sample.
Rate-total sample
Mean 0.002
Standard Error 0.000
Median 0.002
Mode #N/A
Standard Deviation 0.004
Sample Variance 0.000
Kurtosis 1.342
Skewness 0.022
Range 0.026
Minimum -0.011
Maximum 0.016
Sum 0.145
Count 82
Confidence 0.001
Level(95.0%)
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Table 25. Descriptive statistics for the rate of root resorption in the (+) and (-) RR
subgroup.
Rate ofResorption (+) and (-) subgroups
(+)RR (-)RR
Mean 0.006 -0.002
Standard Error 0.001 0.001
Median 0.005 -0.002
Mode #N/A #N/A
Standard Deviation 0.003 0.004
Sample Variance 0.000 0.000
Kurtosis 5.032 3.022
Skewness 1.997 0.422
Range 0.012 0.019
Minimum 0.003 -0.011
Maximum 0.016 0.008
Sum 0.168 -0.059
Count 28 28
Confidence 0.001 0.001
Level(95.0%)
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Table 26. Descriptive statistics and t-tests of age among different root resorption groups
(+)RR (-)RR
Mean 14.71 11.84
Standard Error 1.28 0.27
Median 13.5 11.8
Mode 10.5 11.8
Standard Deviation 4.95 1.00
Sample Variance 24.55 0.99
Kurtosis 3.85 -0.32
Skewness 1.76 0.31
Range 18.8 3.3
Minimum 10 10.3
Maximum 28.8 13.6
Sum 220.7 165.8
Count 15 14
Confidence 2.74 0.58
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
Age (+)RR (-)RR
Mean 14.71 11.84
Variance 24.55 0.99
Observations 15 14
Hypothesized 0
Mean Difference
df 15
t Stat 2.20
P(T<=t) one-tail 0.02
t Critical one-tail 1.75
P(T<=t) two-tail 0.04
t Critical two-tail 2.13
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Table 27. Descriptive statistics and t-tests of overbite among different root resorption
groups
(+)RR (-)RR
Mean 2.93 3.25
Standard Error 0.54 0.48
Median 3.61 3.35
Mode #N/A #N/A
Standard Deviation 2.11 1.78
Sample Variance 4.44 3.16
Kurtosis -0.38 -0.84
Skewness -0.71 -0.23
Range 7.16 5.75
Minimum -1.51 0.38
Maxinlum 5.65 6.13
Sum 43.91 45.44
Count 15.00 14.00
Confidence 1.17 1.03
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
Overbite (+)RR (-)RR
Mean 2.93 3.25
Variance 4.44 3.16
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 27.00
t Stat -0.44
P(T<=t) one-tail 0.33
t Critical one-tail 1.70
P(T<=t) two-tail 0.66
t Critical two-tail 2.05
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Table 28. Descriptive statistics and t-tests of overjet among different root resorption
groups
(+)RR (-)RR
Mean 6.70 5.39
Standard Error 0.74 0.52
Median 6.12 4.54
Mode #N/A #N/A
Standard Deviation 2.85 1.96
Sample Variance 8.13 3.84
Kurtosis 0.04 -0.14
Skewness 0.78 0.86
Range 9.94 6.31
Minimum 2.78 2.88
Maximum 12.72 9.19
Sum 100.55 75.39
Count 15.00 14.00
Confidence 1.58 1.13
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
Overjet Variable 1 Variable 2
Mean 6.70 5.39
Variance 8.13 3.84
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 25.00
t Stat 1.46
P(T<=t) one-tail 0.08
t Critical one-tail 1.71
P(T<=t) two-tail 0.16
t Critical two-tail 2.06
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Table 29. Descriptive statistics and t-tests ofSNA among different root resorption groups
(+)RR (-)RR
Mean 82.33 82.70
Standard Error 0.93 1.09
Median 81.50 83.75
Mode 80.00 84.00
Standard Deviation 3.60 4.07
Sample Variance 12.99 16.60
Kurtosis -0.35 -0.82
Skewness 0.43 -0.34
Range 13.00 13.50
Minimum 76.00 75.50
Maximum 89.00 89.00
Sum 1235.00 1157.75
Count 15.00 14.00
Confidence 2.00 2.35
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
SNA (+)RR (-)RR 2
Mean 82.33 82.70
Variance 12.99 16.60
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 26.00
t Stat -0.25
P(T<=t) one-tail 0.40
t Critical one-tail 1.71
P(T<=t) two-tail 0.80
t Critical two-tail 2.06
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Table 30. Descriptive statistics and t-tests of SNB among different root resorption groups
(+)RR (-)RR
Mean 77.88 77.38
Standard Error 1.04 0.90
Median 77.75 76.50
Mode 75.00 76.00
Standard Deviation 4.03 3.37
Sample Variance 16.22 11.35
Kurtosis 2.09 -0.08
Skewness 0.70 0.52
Range 17.50 12.00
Minimum 70.00 72.00
Maximum 87.50 84.00
Sum 1168.25 1083.25
Count 15.00 14.00
Confidence 2.23 1.95
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
(+)RR (-)RR
Mean 77.88 77.38
Variance 16.22 11.35
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 27.00
t Stat 0.37
P(T<=t) one-tail 0.36
t Critical one-tail 1.70
P(T<=t) two-tail 0.71
t Critical two-tail 2.05
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Table 31. Descriptive statistics and t-tests ofANB among different root resorption groups
(+)RR (-)RR
Mean 4.45 5.32
Standard Error 0.59 0.74
Median 4.50 6.00
Mode 3.50 3.50
Standard Deviation 2.27 2.76
Sample Variance 5.16 7.63
Kurtosis 1.07 -0.75
Skewness 0.14 -0.39
Range 9.50 9.25
Minimum 0.00 0.50
Maximunl 9.50 9.75
Sum 66.75 74.50
Count 15.00 14.00
Confidence 1.26 1.59
Level(95.00iO)
t-Test: Two-Sample Assuming Unequal Variances
Mean
Variance
Observations
Hypothesized
Mean Difference
df
t Stat
P(T<=t) one-tail
t Critical one-tail
P(T<=t) two-tail
t Critical two-tail
4.45
5.16
15.00
0.00
25.00
-0.92
0.18
1.71
0.36
2.06
5.32
7.63
14.00
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Table 32. Descriptive statistics and t-tests of upper incisal angle (PH) among different
root resorption groups
(+)RR (-)RR
Mean 117.75 116.04
Standard Error 1.89 1.50
Median 115.00 114.75
Mode 113.00 113.50
Standard Deviation 7.31 5.61
Sample Variance 53.37 31.44
Kurtosis -1.05 0.37
Skewness 0.40 0.91
Range 23.00 18.50
Minimum 107.50 109.50
Maximum 130.50 128.00
Sum 1766.25 1624.50
Count 15.00 14.00
Confidence 4.05 3.24
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
Upper Incisor (+)RR (-)RR
Mean 117.75 116.04
Variance 53.37 31.44
Observations 15.00 14
Hypothesized 0.00
Mean Difference
df 26.00
t Stat 0.71
P(T<=t) one-tail 0.24
t Critical one-tail 1.71
P(T<=t) two-tail 0.48
t Critical two-tail 2.06
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Table 33. Descriptive statistics and t-tests ofinterincisal angle among different root
resorption groups
(+)RR (-)RR
Mean 122.30 118.71
Standard Error 2.39 1.69
Median 123.00 118.00
Mode 134.00 123.00
Standard Deviation 9.27 6.31
Sample Variance 85.93 39.87
Kurtosis -0.48 0.12
Skewness -0.51 -0.13
Range 30.00 24.00
Minimum 104.00 106.00
Maximum 134.00 130.00
Sum 1834.50 1662.00
Count 15.00 14.00
Confidence 5.13 3.65
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
Interincisal angle (+)RR (-)RR
Mean 122.30 118.71
Variance 85.93 39.87
Observations 15.00 14
Hypothesized 0.00
Mean Difference
df 25.00
t Stat 1.22
P(T<=t) one-tail 0.12
t Critical one-tail 1.71
P(T<=t) two-tail 0.23
t Critical two-tail 2.06
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Table 34. Descriptive statistics and t-tests of AB(OP) among different root resorption
groups
(+)RR (-)RR
Mean 3.07 3.66
Standard Error 0.85 0.63
Median 2.00 4.00
Mode 1.50 5.50
Standard Deviation 3.28 2.37
Sample Variance 10.75 5.63
Kurtosis -0.95 0.95
Skewness 0.22 -0.99
Range 11.00 8.50
Minimum -2.00 -2.00
Maximunl 9.00 6.50
Sum 46.00 51.25
Count 15.00 14.00
Confidence 1.82 1.37
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
AB/OP (+)RR (-)RR
Mean 3.07 3.66
Variance 10.75 5.63
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 25.00
t Stat -0.56
P(T<=t) one-tail 0.29
t Critical one-tail 1.71
P(T<=t) two-tail 0.58
t Critical two-tail 2.06
140
Table 35. Chi-square contingency table and test statistic for gender
Gender Men Women
Actual (+)RR 3 12
(-)RR 5 9
Expected (+)RR 4.13 10.86
(-) RR 3.86 10.14
p=O.34
Table 36. Chi-square contingency table and test statistic for extraction vs. non-extraction
therapy
Extraction Exo Non-exo
Actual (+)RR 9 6
(-)RR 8 6
Expected (+)RR 8.79 6.21
(-) RR 8.21 5.79
p=O.87
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Table 37. Descriptive statistics and t-tests of change in horizontal position among
different root resorption groups
(+)RR (-)RR
Mean -1.59 -1.91
Standard Error 0.51 0.42
Median -1.34 -1.71
Mode 0.00 -1.71
Standard Deviation 1.99 1.59
Sample Variance 3.96 2.52
Kurtosis -0.78 -0.50
Skewness -0.25 -0.23
Range 6.58 5.65
Minimum -4.81 -4.98
Maximum 1.77 0.67
Sum -23.78 -26.74
Count 15.00 14.00
Confidence 1.10 0.92
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
Delta x (+)RR (-)RR
Mean -1.59 -1.91
Variance 3.96 2.52
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 26.00
t Stat 0.49
P(T<=t) one-tail 0.31
t Critical one-tail 1.71
P(T<=t) two-tail 0.63
t Critical two-tail 2.06
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Table 38. Descriptive statistics and t-tests of change in vertical position among different
root resorption groups
(+)RR (-)RR
Mean -0.01 0.34
Standard Error 0.47 0.33
Median -0.30 0.18
Mode 0.00 0.00
Standard Deviation 1.81 1.23
Sample Variance 3.27 1.51
Kurtosis 0.06 2.12
Skewness 0.69 0.62
Range 6.27 5.22
Minimum -2.93 -1.94
Maximum 3.34 3.28
Sum -0.18 4.70
Count 15.00 14.00
Confidence 1.00 0.71
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
De/tay (+)RR (-)RR
Mean -0.01 0.34
Variance 3.27 1.51
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 25.00
t Stat -0.61
P(T<=t) one-tail 0.27
t Critical one-tail 1.71
P(T<=t) two-tail 0.55
t Critical two-tail 2.06
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Table 39. Descriptive statistics and t-tests of change in angular position among different
root resorption groups
(+)RR (-)RR
Mean -3.37 -5.86
Standard Error 1.29 1.68
Median -4.00 -4.50
Mode -4.00 -4.00
Standard Deviation 5.01 6.30
Sample Variance 25.05 39.71
Kurtosis -0.69 0.45
Skewness -0.27 -0.21
Range 17.00 24.50
Minimum -12.50 -18.00
Maximum 4.50 6.50
Sum -50.50 -82.00
Count 15.00 14.00
Confidence 2.77 3.64
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
Delta a (+)RR (-)RR
Mean -3.37 -5.86
Variance 25.05 39.71
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 25.00
t Stat 1.17
P(T<=t) one-tail 0.13
t Critical one-tail 1.71
P(T<=t) two-tail 0.25
t Critical two-tail 2.06
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Table 40.Descriptive statistics and t-tests ofnumber ofmonths of interarch elastic use
among different root resorption groups
(+)RR (-)RR
Mean 0.33 0.50
Standard Error 0.33 0.50
Median 0.00 0.00
Mode 0.00 0.00
Standard Deviation 1.29 1.87
Sample Variance 1.67 3.50
Kurtosis 15.00 14.00
Skewness 3.87 3.74
Range 5.00 7.00
Minimum 0.00 0.00
Maximum 5.00 7.00
Sum 5.00 7.00
Count 15.00 14.00
Confidence 0.71 1.08
Level(95.0%)
Elastic use (+)RR (-)RR
Mean 0.33 0.5
Variance 1.67 3.5
Observations 15.00 14
Hypothesized 0.00
Mean Difference
df 23.00
t Stat -0.28
P(T<=t) one-tail 0.39
t Critical one-tail 1.71
P(T<=t) two-tail 0.78
t Critical two-tail 2.07
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Table 41. Descriptive statistics and t-tests ofnumber ofmonths of intrusion arch use
among different root resorption groups
(+)RR (-)RR
Mean 0.53 0.57
Standard Error 0.38 0.23
Median 0.00 0.00
Mode 0.00 0.00
Standard Deviation 1.46 0.85
Sample Variance 2.12 0.73
Kurtosis 6.86 -0.70
Skewness 2.72 1.05
Range 5.00 2.00
Minimum 0.00 0.00
Maximum 5.00 2.00
Sum 8.00 8.00
Count 15.00 14.00
Confidence 0.81 0.49
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
Intrusion arch (+)RR (-)RR
Mean 0.53 0.57
Variance 2.12 0.73
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 23.00
t Stat -0.09
P(T<=t) one-tail 0.47
t Critical one-tail 1.71
P(T<=t) two-tail 0.93
t Critical two-tail 2.07
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Table 42. Descriptive statistics and t-tests of number ofmonths of power chain use
among different root resorption groups
(+)RR (-)RR
Mean 1.60 0.71
Standard Error 0.47 0.30
Median 0.00 0.00
Mode 0.00 0.00
Standard Deviation 1.80 1.14
Sample Variance 3.26 1.30
Kurtosis -2.04 0.50
Skewness 0.28 1.38
Range 4.00 3.00
Minimum 0.00 0.00
Maximum 4.00 3.00
Sum 24.00 10.00
Count 15.00 14.00
Confidence 1.00 0.66
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
Power chain (+)RR (-) RR
Mean 1.60 0.71
Variance 3.26 1.30
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 24.00
t Stat 1.59
P(T<=t) one-tail 0.06
t Critical one-tail 1.71
P(T<=t) two-tail 0.12
t Critical two-tail 2.06
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Table 43. Descriptive statistics and t-tests ofnumber ofmonths of rectangular arch wire
use among different root resorption groups
(+)RR (-)RR
Mean 3.47 2.64
Standard Error 0.80 0.77
Median 3.00 2.00
Mode 0.00 0.00
Standard Deviation 3.09 2.87
Sample Variance 9.55 8.25
Kurtosis -1.82 0.36
Skewness 0.03 1.12
Range 8.00 9.00
Minimum 0.00 0.00
Maximum 8.00 9.00
Sunl 52.00 37.00
Count 15.00 14.00
Confidence 1.71 1.66
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
Reel. wire (+)RR (-)RR
Mean 3.47 2.64
Variance 9.55 8.25
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 27.00
t Stat 0.74
P(T<=t) one-tail 0.23
t Critical one-tail 1.70
P(T<=t) two-tail 0.46
t Critical two-tail 2.05
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Table 44. Descriptive statistics and t-tests ofnumber ofmonths of closing loop arch wire
use among different root resorption groups
(+)RR (-)RR
Mean 0.53 0.00
Standard Error 0.36 0.00
Median 0.00 0.00
Mode 0.00 0.00
Standard Deviation 1.41 0.00
Sample Variance 1.98 0.00
Kurtosis 4.35 0.00
Skewness 2.40 0.00
Range 4.00 0.00
Minimum 0.00 0.00
Maximum 4.00 0.00
Sum 8.00 0.00
Count 15.00 14.00
Confidence 0.78 0.00
Level(95.0%)
t-Test: Two-Sample Assuming Unequal Variances
CLAW (+)RR (-)RR
Mean 0.53 0.00
Variance 1.98 0.00
Observations 15.00 14.00
Hypothesized 0.00
Mean Difference
df 14.00
t Stat 1.47
P(T<=t) one-tail 0.08
t Critical one-tail 1.76
P(T<=t) two-tail 0.16
t Critical two-tail 2.14
Table 45. List of independent variables used in regression analysis with root resorption as
the dependent variable
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Dependent Independent Variables
Variable
Age
Amount ofRoot Gender
Resorption Initial Overbite
Initial Overjet
SNA
SNB
ANB
Upper incisor angle (FH)
Interincisal angle
AB(OP)
Extraction vs. non-extraction therapy
Change in horizontal position
Change in vertical position
Change in angular position
# months in interarch elastics
# months in power chain
# months in intrusion arch
# months in rectangular arch wires
# nlonths in closing loop arch wires
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Table 46. Final regression model for predicting root resorption
SUMMARY OUTPUT
Regression Statistics
Multiple R 0.42
R Square 0.17
AdjustedR 0.15
Square
Standard Error 1.49
Observations 82
ANOVA
df SS MS F Significance
F
Regression 2 36.34 18.17 8.24 0.00056
Residual 79 174.23 2.21
Total 81 210.57
Coefficients Standard t Stat P-value Lower Upper
Error 95% 95%
Intercept -2.36 0.79 -2.99 0.00 -3.92 -0.79
Age 0.14 0.05 2.83 0.01 0.04 0.23
OJ 0.20 0.07 2.88 0.01 0.06 0.34
APPENDIX III: PATIENT CONSENT FORM
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INFORMED CONSENT FOR PARTICIPATION IN RESEARCH ACTIVITIES
THE UNIVERSITY OF CONNECTICUT HEALTH CENTER
Principal Investigator: Dr. Ravindra Nanda
Department: Orthodontics
Phone: 679-2664
Project Title: RATE OF ROOT RESORPTION IN MAXILLARY CENTRAL
INCISORS
Expected Duration: 12 months
1. I, , agree to participate as a subject in the research study
"Rate of Root Resorption in Maxillary Central Incisors". I understand the purpose,
procedures, and length ofmy involvement, as stated below:
A. Purpose ofResearch: After having orthodontic treatment the roots of the teeth are
often slightly shorter due to a process called apical root resorption. The purpose of this
research is to determine if there is any shortening of the roots and the rate that this
shortening happened because of the way my teeth have been moved with the braces.
B. Procedures: -My participation in this study will involve the following procedures:
1. A brief interview including questions about my past dental history.
2. An x-ray ofmy head and one or two x-rays ofmy front teeth will be taken. This will
take about 20 minutes.
3. A small piece ofplastic will be temporarily attached to the braces while having the x-
rays taken of the front teeth. The plastic will be removed after the x-rays are taken.
This procedure will not cause any discomfort.
4. After 3,6,9 and 12 months from the first time I took x-rays, the same x-rays will be
taken again.
5. These x-rays are additional to those taken routinely as part of orthodontic care.
c. Duration ofParticipation: Participation in the study will take about 30-minutes extra
when I come in for a regular appointment in the orthodontic clinic. This will happen 4
times, 3 months apart.
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II. I understand the possible risks as described below as well as the safeguards to be used
for my protection:
A. The radiation exposure for each set ofx-rays is very low. The total amount of
radiation from the x-rays is equivalent to a few days worth of the low level constant
background radiation present in the environment.
B. To the best ofmy knowledge, I am not pregnant. If! do become pregnant, I will
notify the principal investigator. I understand that should I become pregnant, this
radiation could pose a risk to the unborn fetus.
C. I understand that safeguards will be used to minimize the x-ray exposure in other
areas of the body. These safeguards include the use of lead shields and aprons.
D. If root resorption ofmy teeth is detected, I understand that I will be told about the
problem and my orthodontist will discuss with me the possible consequences.
III. I understand the possible benefits to myself or others to be expected from my
participation in this research as described below:
Personal benefits include a knowledge, for me and my orthodontist, ofmy
susceptibility to root resorption. Benefits to others will be a better understanding by the
dental community of the risk of root resorption by certain types of orthodontic treatment
and the rate at which it occurs.
IV. I understand that the investigator is willing to answer any questions I may have
concerning the procedures herein described. All the questions I have at this tinle have
been answered. Future questions about this study, or nlY rights as a research subject, may
be directed to Dr. Ravindra Nanda or Dr. Christine O'Hea at 679-2550.
V. I understand that my participation is voluntary and that I may refuse to participate
and/or withdraw my consent and discontinue participation in the project at any time
without penalty or loss ofbenefits to which I am otherwise entitled. My decision whether
or not to participate will not affect my future dental/medical care at the University of
Connecticut Health Center. Once accepted, I may be dropped from the study for any of
the following reasons: trauma to my two upper front teeth, if I exhibit more than 2 mm of
root length loss within 6 months, ifmy treatment lasts longer than 18 months and/or if I
demonstrate unacceptable compliance (i.e. frequently missing appointments or excessive
appliance breakage).
VI. I understand that no financial compensation will be paid to me for my participation.
The costs of all x-rays will be borne by the investigator.
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VII. I understand that every effort will be made to ensure confidentiality ofmy records
which will be maintained in accordance with applicable state and federal laws. I
understand that I may request my records to be released to my personal dentist.
I have received a copy of this infonned consent fonn which I have read and understand. I
hereby consent to the perfonnance of the above procedures on me.
Participant's Signature/Date
Parent or Guardian Sig.1 Date
Witness' Signature/Date
The above infonnation has been explained to the participant.
Investigator's Signature/ Date
If the subject is between 7-12 years of age:
My dentist and parents have talked to me about being part of a study ofhow braces
affects the roots of teeth. I understand the reason for the study and why I am being asked
to take part in it. I have been told that as a subject in the study I will have the following
perfonned: l)an x-ray picture will be taken ofmy head and also one ofmy front tooth, 2)
a small piece ofplastic will be temporarily attached to the braces on my front tooth before
the x-ray is taken, 3) this procedure will be done four times - with a few months in
between times. I know that I can ask questions any time I want. I also know that I can
decide not to be in this study, or after entering the study, I can decide that I want to be
taken out of it.
Whatever I decide to do, I know my dentist will not be angry with me and will
continue to treat me as hislher patient.
Participant's Signature/Date
Investigator's Signature/Date
Witness'Signature/Date
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